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Abstract
Synthetic metallopolymers have acquired ample attention recently due to their
potential applications as precursors to functional soft materials. Organometallic polymers
combine the best of both organic and inorganic polymers. Polyferrocenes comprise the
major portion of organometallic polymers. Therefore, quest for new monomeric
precursors to organometallic polymers has expediated. One efficient method for
obtaining main-chain metallopolymers is ring opening polymerization (ROP) of strained
cyclic

metallacyclophanes

(MCPs).

Organometallic

polymers

containing

cyclopentadienyl-cobalt-cyclobutadiene (CpCoCb) have been targeted since the early
1990’s due to their isoelectronic nature (cf. ferrocene) with three major groups working in
this area. The early CpCoCb containing polymers were prepared by alkyne dimerization
of a bis-alkyne at the Co(I) centre, which did not provide good control over the molecular
weights of the polymers generated.
In search of novel Co(I) monomers for ROP, synthesis of sila- and germa[2]cobaltoarenophanes was undertaken via unprecedented direct dilithiation of
(CpCoCb*) (Cb* = tetramethylcyclobutadiene) and subsequent treatment with main group
dihalides. However, attempts to ring open the CH2 –SiMe2 bridged [2]cobaltoarenophanes
were unsuccessful, which was attributed to the lower degree of strain in these molecules.
An alternative route to [1]cobaltoarenophanes was proposed taking advantage of alkyne
dimerization at a substituted CpCo(I) complex featuring a coordinated pendent alkyne. In
this regard, alkyne-appended cyclopentadienyl ligands were developed and their utility
was explored in reaction with early and late transition metals such as Ti, Fe, Co and Ni.
This resulted in the formation of bis-alkynyl metallocenes of Ti and Co and half
sandwich Ni complexes featuring a pendent alkyne.
Synthesis of side chain cobalt(I) polymers demonstrating the CpCoCb framework
has also been explored, using pre-functionalized Cp ligands incorporating a
polymerizable vinyl moiety.

iii

Keywords: metallacyclophanes, [2]cobaltoarenophanes, functionalized cyclopentadienyl
ligands, pendent alkyne, bis-alkynyl metallocenes, [2+2] cyclization, Co(I) polymers,
side-chain metallopolymers, acrylate, CpCoCb polymers.
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General Experimental Procedures
All manipulations were performed in a N2 filled MBraun Labmaster 130 glovebox
in 4 dr. vials affixed with Teflon lined screw caps, or using standard Schlenk techniques.
Dichloromethane, acetonitrile, benzene, THF, toluene, Et2O, n-pentane, and n-hexane
were obtained from Caledon Laboratories and dried using an Innovative Technology Inc.
Controlled Atmospheres Solvent Purification System, or an MBraun Solvent Purification
System that utilizes dual molecular sieve columns. The dried solvents were stored in
Strauss flasks under a N2 atmosphere or over 4 Å molecular sieves in the glovebox.
Solvents for NMR spectroscopy (CDCl3, CD2Cl2, C6D6, CD3CN, C5D5N) were purchased
from Cambridge Isotope Laboratories (CIL) and dried by stirring overnight over CaH2,
distilled prior to use, and stored in the glovebox over 4 Å molecular sieves. Deuterium
oxide (D2O) was obtained from CIL and used as received.
All 1H, 13C{1H} and 31P{1H} NMR spectra were recorded using a Varian INOVA
400 MHz (13C = 100.52 MHz,

31

P = 161.83 MHz) or Varian INOVA 600 MHz

spectrometer (13C = 150.92 MHz, 31P = 242.64 MHz). Proton and 13C{1H} NMR spectra
were referenced to residual protons in the solvent relative to Me4Si (1H: CHCl3, ! = 7.26
ppm; CHDCl2, ! = 5.32 ppm; C6HD5, ! = 7.16 ppm; CHD2CN, , ! = 1.94 ppm; C5HD4N,
! = 7.22, 7.58, 8.74 ppm) 13C{1H}: CDCl3, ! = 77.2 ppm; C6D6, ! = 128.4 ppm; CD2Cl2,
! = 54.0 ppm; CD3CN, ! = 1.39, 118.69 ppm; C5D5N, ! = 123.87, 135.91, 150.35 ppm).
All

19

F{1H},

119

Sn{1H} and

11

B{1H} NMR spectra were recorded on an INOVA 400

MHz instrument (19F = 376.15 MHz,

119

Sn = 149.16 MHz,

11

B = 128.33 MHz). All 29Si

NMR chemical shifts were determined by 2D (29Si - 1H) gradient heteronuclear multiple
bond coherence (gHMBC) experiments on an INOVA 400 MHz instrument (29Si = 79.47
MHz) and referenced to residual protons in the NMR solvent relative to Me4Si. All
chemical shifts were externally referenced to 85% H3PO4 (! = 0.00 ppm) and

19

31

P

F NMR

spectra were referenced to CFCl3 (! = 0.00 ppm) using neat CF3(C6H5) (! = -63.9 ppm) as
an external reference standard. Boron-11 experiments were referenced externally to BF3Et2O (! = 0.00 ppm) and 119Sn spectra were referenced to Me4Sn (! = 0.00 ppm).
Fourier Transform Infrared Spectroscopy (FT-IR) was conducted on samples as a
KBr disk or as a thin film using a Bruker Tensor 27 spectrometer, with a resolution of 4
xxvii

cm-1. Decomposition/melting points were recorded in flame sealed capillary tubes using a
Gallenkamp Variable Heater. Suitable single crystals for X-ray diffraction studies were
individually selected under Paratone-N oil, mounted on nylon loops and immediately
placed in a cold stream of N2 (150 K). Data was collected on a Bruker Nonius Kappa
CCD X-ray diffractometer or Bruker Apex II CCD X-ray diffractometer using graphite
monochromated Mo-K radiation (" = 0.71073 Å). The solution and subsequent
!

refinement of the data were performed using the SHELXTL suite of programs. All X-ray
data were collected by Dr. M. C. Jennings (UWO), Dr. M. J. Ferguson (X-ray
Crystallography Laboratory, Department of Chemistry, University of Alberta, Edmonton,
Alberta, Canada), Dr. Jason Duton (UWO), Caleb Martin (UWO) and Jackie Price
(UWO). Jason Dutton solved some of the X-ray data and details are mentioned in the
footnote at the begining of the respective chapter.
Elemental analyses were performed by Guelph Chemical Laboratories Ltd.,
Guelph, Ontario, Canada; Columbia Analytical Services, Tucson, Arizona, USA or
Université de Montréal, Montreal, Quebec, Canada. Mass spectra were recorded using an
electron ionization Finnigan MAT 8200 mass spectrometer.
Differential scanning calorimetry (DSC) was performed on a DSC 822e Mettler
Toledo instrument or Q20 DSC TA Instrument at a heating rate of 10 °C/min from -100
up to the Td of the compound. Glass transition temperatures (Tg) were obtained from the
second heating cycle of DSC. All thermal analysis experiments were conducted in a N2
atmosphere. The decomposition temperatures (Td) were determined using a TGA/SDTA
851e Mettler Toledo instrument or Q600 SDT TA Instrument. A 0.005-0.010 g sample
was heated at a rate of 10 °C/min over a temperature range of 100-600 °C.
UV-Visible spectra were recorded on a Cary instrument 300 UV-Vis
spectrophotometer in Dr. Workentein or Dr. Hudson’s lab at UWO. All spectra were
recorded in dry solvents using 10-4 M solutions. All mass spectroscopy measurements
were made by Doug Hairsine, using an electrospray ionization or electron impact
Micromass LCT spectrometer.
Size exclusion chromatography (SEC) was performed in tetrahydrofuran (THF)
using a Waters 515 HPLC pump, Wyatt OptilabRex RI and miniDAWN-TREOS
detectors and two ResiPore (300 x 7.5 mm) columns from Polymer Laboratories.
xxviii

Polymer molecular weights were calculated based on the multi-angle light scattering data
using the Wyatt Astra software, with dn/dc values of the polymers determined from the
RI detector using Astra. Column calibration was performed using polystyrene standards
from Polymer Laboratories.
Voltammetric curves were obtained using an electrochemical workstation (CH610A, CH Instruments, Austin TX). The electrochemical cell used consisted of a Pt disk
embedded in a glass tube as the working electrode (0.03 cm2), a Pt wire as the counter
electrode, and Ag wire for the quasi-reference electrode. Solutions were prepared with
0.1 M tetrabutylammonium perchlorate (TBAP) as the supporting electrolyte and with 3.0
mL dry CH2Cl2 as the solvent. A 0.007-0.008 g of the compound was used. The solutions
were either prepared in the glove box or were purged with argon for 2 min and the loaded
cell was sealed with an air-tight Teflon cap. The electrochemical potential was calibrated
at the end of each experiment by the addition of ferrocene as an internal standard taking
the formal potential of Fc+/Fc 0.400 V vs SHE.
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Chapter 1
Introduction

1.1. Metallopolymers - General Introduction
Metal containing polymers have received ample attention recently due to their
emerging applications in various fields of science and technology. Although, the genesis
of metallopolymers took place over 50 years ago with the first report of free radical
polymerization of vinyl ferrocene,1 synthetic and characterization limitations repressed
the development of this field. Today, with the advancement of synthetic methodologies
and new avenues in polymer characterization, well-defined metallopolymers can be
obtained in usable quantities. The presence of electroactive metals, which can present
different

oxidation

states,

makes

metallopolymers

desirable.2-4

Organometallic

conducting polymers exhibit various physical and chemical characteristics such as facile
oxidation and reduction leading to charge storage, high electronic conductivity in the
doped states, electrochromism, photo- and electro-luminescence that help find their
potential applications in molecular electronics, nonlinear optics and potential new optical
devices. They are also important for the development of magnetic materials and as
precursors for ceramics and metallic nanoparticles. The progress in the field of
metallopolymers has been illustrated in several recent reviews.5-13
Main chain metallopolymers incorporate metal atoms in the main polymer
backbone whereas side chain metallopolymers, have metal atoms that are pendent to an
organic polymer backbone. For both main chain and side chain polymers, the metalligand interactions that hold the polymer together can be covalent, leading to essentially
irreversible or ‘static’ binding, or non-covalent (dative bond, H-bonding, ionic, dipoledipole or van der Waals) interactions allowing potentially reversible ‘dynamic binding’.
Initial research mainly focused on the incorporation of metals into polymer
architecture from a structural point of view, more recently, the focus has shifted to the
development of a variety of functional soft materials. A few selected examples from
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recent literature are presented here underscoring the applications of a few different
classes of metallopolymers, where the metal plays an important role. Only linear
polymers have been discussed since cross-linked, star-shaped and dendritic structures are
beyond the scope of this thesis.
1.2. Metallopolymer Applications
Nitschke and co-workers have reported a dynamic covalent luminescent
metallopolymer that undergoes reversible sol to gel conversion upon increasing
temperature to 140 °C unlike other gel forming polymers, which do so on cooling (Figure
1.1).14 This unique polymer also exhibited thermochromism and photoluminescence, with
the colour and intensity of both absorption and emission exhibiting temperature
dependence, showing that the material responded predictably to combinations of stimuli
(heat, light, mechanical shear) in an interconnected way, as is required to generate
complex function.

sol

gel

Figure 1.1. Schematic representation of sol to gel conversion of the polymer on heating.†
Synthesis of the linear polymer backbone (1.1) was carried out via a combination
of polycondensation and supramolecular self-assembly. Condensation of 1,4diaminobenzene (1.2) and 4,4!-diformyl-3,3!-bipyridine (1.3) yielded the imine, which
was used to sequester Cu(I), given the demonstrated ability of copper(I) to stabilize imine
†

Figure 1.1 is reproduced with permission from: de Hatten, X.; Bell, N.; Yufa, N.; Christmann, G.;
Nitschke, J. R. J. Am. Chem. Soc 2011, 133, 3158. Copyright 2011 American Chemical Society.
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ligands (Scheme 1.1). Trioctylphosphine ligands (1.4) were introduced in order to cap the
vacant coordination sites of the copper ions, taking advantage of the observation that
+

+

heteroleptic [CuN2P2] species are favoured with respect to homoleptic [CuN4] and
+

[CuP4] complexes.
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Scheme 1.1. Synthesis of a linear Cu(I) polymer 1.1 through sequential condensation and
self assembly.
A side-chain copolymer was prepared from vinylanthracene and vinylferrocene
(1.5) by Robinson and Lawrence containing two different redox centres (Figure 1.2).15
The two-electron oxidation potential of the anthracene moiety was linearly related to the
pH value, whereas the one-electron oxidation of ferrocene was insensitive. The metal in
this instance was not directly involved in the sensing mechanism, but served as an
internal reference for the system. The oxidation potential of ferrocene was also
temperature independent, thus allowing the pH value to be determined accurately over a
range of temperatures. It was also interesting that the stability of the ferrocenyl group to
multiple redox cycles at elevated temperatures was noticeably greater in a polymer
supported on an electrode than for ferrocene in solution.

4
n

m
Fe
1.5

Figure 1.2. Poly(vinylanthracene-co-vinylferrocene) containing two different redox sites,
which acts as a pH sensor.
Swager and co-workers reported the synthesis of a sensor for gas phase NO
detection in concentrations < 1 ppm even in the presence of interfering gases such as O2,
CO and CO2.16 A key feature of their sensing material was the presence of a
coordinatively unsaturated cobalt salen [N,N!-propylenebis(salicylidenimine)] complex
(1.6), featuring (3,4-ethylenedioxythiophene) (EDOT) units, which served for the
electropolymerization of the complex between interdigitated microelectrodes (Figure
1.3). The ligand was chosen in such a way that the orbital energies were well matched
between the polymer backbone and the metal center resulting in a highly conductive
polymer where the metal was intimately involved in the conduction pathway. When a
prepared sample was exposed to NO, coordination of the ligand changed the orbital
energies of the complex relative to the polythiophene, resulting in an increase in electrical
resistance (R1<R2) (Figure 1.3). Furthermore, the bonding of NO proved to be reversible,
which enabled the original conductivity to be restored by purging the cell.

5

1.6

Poly1.6

Figure 1.3. Preparation of a cobalt-containing polymer for NO sensing by the
electropolymerization of 1.6 across interdigitated microelectrodes, and a schematic of the
change in conductivity (R1<R2) that occurs on NO binding. †
A similar ligand framework (1.7) with bithiophene instead of EDOT and Cd(II)
coordinated to the salen has been utilized by Holliday and co-workers to prepare a
semiconducting polymer-nanoparticle composite.17 Electropolymerization of this
complex gave a film with a periodic array of metal centres, which served as effective
nucleation sites for the growth of CdS nanoparticles via sequential addition of H2S and
Cd(II) (Figure 1.4). This method ensured an even distribution of nanoparticles throughout
the polymer matrix, and also enabled size control of the resultant nanoparticles by
varying the number of growth cycles, which could not be achieved by previous methods.
The same methodology has also been applied to generate gallium sulfide nanoparticles.18

†

Figure 1.3 is reproduced with permission from: Holliday, B. J.; Stanford, T. B.; Swager, T. M. Chem.
Mater. 2006, 18, 5649. Copyright 2006 American Chemical Society.
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1.7

Figure 1.4. Formation of a polymer-nanoparticle composite by the sequential metal
coordination of a dithiophene functionalized salen ligand, electropolymerization and
seeded nanoparticle growth. †
A metal containing diblock copolymer polystyrene-block-poly(ferrocenylsilane)
(PS-b-PFS) (Figure 1.5) has found application as a template for nanolithography.19-21
Presence of both iron and silicon in the PFS block, plays a key role by imparting different
relative resistances to reactive ion etching on the two domains of the polymer. The use of
these materials as a nanotemplate has resulted in the efficient preparation of nanoscopic
patterns of magnetic nanodots and square arrays of silica posts.22,23 Patterns of oriented
PFS cylinders derived from the self-assembly of PS-b-PFS have also been thermally
converted to magnetic nanodomains.19

H
nBu

Me
Si
Me

H2 H
C C

Fe
n

m

Figure 1.5. Diblock copolymer PS-b-PFS used as a template for nanolithography.
†

Figure 1.4 is reproduced with permission from: Mej"a, M. L.; Agapiou, K.; Yang, X.; Holliday, B. J. J.
Am. Chem. Soc. 2009, 131, 18196. Copyright 2009 American Chemical Society.
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Manners, Ozin and co-workers have developed the combination of a redox active
metallopolymer gel and a colloidal silica crystal for the preparation of full colour,
photonic crystal display devices or “Photonic Ink” (P-Ink).24-27 The gel used consisted of
a crosslinked polyferrocenylsilane (PFS), in which silica microspheres were arrayed from
which both opals and inverse opals could be prepared, the latter by silica sphere removal.
The electrochemical device was fabricated using indium-tin oxide (ITO) electrode and
the application of an oxidizing potential for the PFS yielded cationic ferrocenium
moieties within the gel, which attracted solvent and counterions from the electrolyte and
caused the gel to swell. This swelling process increased the spacing between the voids in
the photonic crystal and resulted in a red shift of the Bragg peak. The size of the shift was
related to the applied potential, and reversing the bias restored the original reflectance
peak (Figure 1.6). Using an inverse opal instead of the parent silica-PFS composite
resulted in faster switching as well as improved reflectance. Furthermore, it enabled a
larger range of frequencies to be accessed over lower drive voltages and with higher
degrees of polymer crosslinking. These features have aided in the development of fullcolour displays (Figure 1.6).
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Figure 1.6. Effect of applied bias on the reflectance frequency for an inverse opal based
on a PFS gel.†
1.3. Polymer Classification and Characterization
1.3.1. Polymer Classification
Based on polymer structure, Carother divided polymers into two classes;
condensation and addition polymers.28 A more recent classification is based on the
polymerization mechanism and divides polymerizations into step and chain
polymerizations. Condensation is a step growth process, where bifunctional monomers
undergo a series of condensation reactions (termed as polycondensation) with
simultaneous elimination of small molecules (e.g. H2O or LiCl). Therefore, the repeating
unit in a condensation polymer lacks certain atoms present in the monomer(s) and usually
†

Image 1.6 is reproduced with permission from: Whittell, G. R.; Hager, M. D.; Schubert, U. S.; Manners, I.
Nat. Mater. 2011, 10, 176. Copyright 2011 Nature Publishing Group.
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contains functional groups as part of the polymer chain. Addition on the other hand is a
chain growth process, where the repeating unit has the same composition as the
monomer.
In a step growth process, the polymer weight initially increases very slowly. The
polymer proceeds stepwise from monomer to dimer, trimer, tetramer and so on until
eventually large sized polymer molecules are formed. Reactions occur between any
different sized species present in the reaction system, and high molecular weight polymer
is obtained only near complete conversion (>98%).
In a chain growth process, an initiator reacts with the starting monomer, creating
a highly reactive center (free radical, cation or anion) that attacks another monomer,
propagating the chain. The initiator does not get incorporated into the growing chain.
Polymer weight growth occurs only at the reactive site of the growing polymer chain, and
unreacted monomers do not react with other monomers present in solution. Therefore, at
any given conversion rate high molecular weight polymer is always present together with
initiator and monomer, but no intermediate oligomers. The only change over time and
increasing conversion is the concentration of polymer molecules. Thus, in chain
polymerization, the polymer weight is constant over the percent conversion, whereas in
step method the polymer weight increases exponentially with the percent conversion.
A polymerization is referred to as living when the initiation is rapid and no
termination or chain transfer reactions occur.28 Polymerization continues until all
monomer is consumed and the remaining ends of the polymer chain remain active or
living till they are quenched. This feature provides opportunities for end group control
and block copolymers. Addition of more monomer of the same type to a living end
further propagates the chain. Addition of a different monomer initiates the formation of a
controlled block copolymer. Varying the initiator to monomer ratio can easily control
polymer weight and shows linear dependance.
Ring opening polymerization (ROP) is a special case of chain polymerization.
Although it does display all the characteristics of a chain growth process, the rate
propagation constants are similar to step growth polymerizations, which are several
magnitudes lower than expected for chain polymerization. Therefore, polymer weight
does show a dependence on percent conversion and monomer to initiator ratio. An
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advantage of ROP is that stringent stoichiometry and extremely high purity of the
monomers is not always required; high molecular weight polymers can be obtained even
at incomplete monomer conversion and in the presence of impurities that do not interact
with the reactive propagating site. However, stringent conditions are desired to achieve a
living ROP.
Initial

attempts

to

synthesize

organometallic

polymers

employed

polycondensation routes and were unsuccessful.5,29-32 Due to the high reactivity and
sensitivity of synthetic organometallic monomers, achieving high grades of purity and
exact starting stoichiometries were challenging. These drawbacks usually led to
incomplete conversion of starting monomers and formation of low molecular weight
oligomers and polymers. However, many of the desired properties of macromolecular
materials (e.g. mechanical strength, thin film and fibre formation) are observed only
above a certain optimal molecular weight. Ring opening polymerization offers an
alternative

to

polycondensation.

Many

high

molecular

weight

organic

and

organic/inorganic hybrid polymers including polyamides, polyethers, polyolefins,
polyacetylenes, polycarbonates, polycarbosilanes, polysiloxanes and polyphosphazenes
have been synthesized via ROP.28,33 Similarly, ROP of cyclic, strained organometallic
monomers, yielding high molecular weight polymers incorporating metal atoms in the
polymer

backbone

has

become

feasible

with

the

discovery

of

strained

metallacyclophanes.
1.3.2. Polymer Characterization
Unlike small molecules, the molecular weight of a polymer is not one discrete
value. Rather, a polymer sample will have a distribution of molecular weights depending
on the way the polymer was produced. Therefore, for polymers, the more appropriate
term is the distribution of molecular weight P(M), or the average molecular weight (M).28
Polymer physical properties vary depending on the molecular weight distribution
function. There are different methods to calculate an average molecular weight and the
type of property being studied determines the desired type of average molecular weight.
The molar mass or molecular weight distribution in a polymer describes the relationship
between the number of moles of each polymer species (Ni) and the molar mass (Mi) of
that species. Colligative properties of polymer solutions, such as boiling point elevation,
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freezing point depression and osmotic pressure are only dependent on the number of
molecules present and are not influenced by the size of particles present in the mixture.
For such properties, the most relevant average molecular weight is the total weight of the
polymer divided by the number of polymer molecules and is known as number average
molecular weight (Mn) (Eq.1).
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Some polymer properties,
such as light scattering,
depend on the number of
!
!

polymer molecules and not on the size or weight of each polymer molecule. Such
properties are defined by the weight average molecular weight (Mw) (Eq. 2).
Polydispersity index (PDI) is a measure of the distribution of molecular weights in a
given polymer sample and is described as Mw divided by Mn (Eq. 3). When all molecules
of a polymer have the same molecular weight (Mn = Mw), the PDI = 1 and the polymer is
said to be monodisperse. For all synthetic polymers, PDI is >1. To access the desired
material properties of a polymer (Mn > 10,000) and PDI close to 1 are desired.5 The most
common method for determining the molecular weight of a polymer is Gel Permeation
Chromatography (GPC) also known as Size Exclusion Chromatography (SEC), which
separates analytes based on size, where the larger analytes elute faster.34
1.4. [n]Metallacyclophanes (MCPs)
“[n]Metallacyclophane” is a general term describing a metal sandwich complex
where the two !-bonded arene/carbocyclic rings on the metal are connected by n number
of bridging atoms (E) and are also referred to as ansa complexes. These compounds can
be further classified into three distinct groups; (a) Metalloarenophanes, where the metal is
in a zero oxidation state (e.g. 1.9, 1.10);35-38 (b) metalloarenocenophanes, where the metal
is in (+1) oxidation state (e.g. 1.8, 1.11);39,40 and, (c) metallocenophanes where the metal
is in (+2) oxidation state (e.g. 1.12a, 1.13)41 (Figure 1.7). However, this system of
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classification is not strictly followed and they are more commonly addressed as
metalloarenophanes or metallacyclophanes (MCPs).
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Figure 1.7. Representative examples of neutral MCPs featuring different carbocyclic
ligands.
Over the last 50 years, the number of MCPs has been rapidly increasing. For this
thesis, discussion will be limited to [1] and [2]MCPs. Table 1.1 demonstrates the
transition metals that have been incorporated in such a bonding framework and span
across the periodic table from group 4 to group 8. Only two cationic
[2]cobaltocenophanes were known at the beginning of this project (Chapter 2).42,43 This
shows that the late transition metals (group 9 and 10) have been much less explored in
this regard.
Gr 4
Ti
Zr
Hf

Gr 5
V
Nb

Gr 6
Cr
Mo
W

Gr 7
Mn

Gr 8
Fe
Ru

Re

Table 1.1. List of transition metals incorporated into a bridging framework.
A wide range of carbocyclic ligands have been employed; from 5 membered
cyclopentadienyl (Cp) ring up to 8 membered cyclooctatetraene (cot) ring (Figure 1.7).
Based on the type of rings involved, the complexes are classified as homoleptic (identical
rings) and heteroleptic (different rings). [1]Metallocenophanes incorporating two Cp
ligands are the most common and have been reported for Zr, Nb, Cr and Mo. Theoretical
studies suggest that MCPs with less than two d electrons are essentially unstrained.44
[1]Metallocenophanes of W and Re have been considered as potential ROP candidates
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but have not been successfully polymerized to date. Examples of ferrocenophanes (FCPs)
have been employed for most of the discussion with brief reference to some other
relevant systems. Complexes based on [("5C5H5)M("7C7H7)] system are commonly
referred to as troticenophane (M = Ti; 1.9a), trovacenophane (M = V; 1.9b) and
trochrocenophane (M = Cr; 1.9c). Compound 1.11 is the only [1]MCP reported which
incorporates manganese.
1.4.1. Ring Strain
The bridging of the two arene rings in MCPs leads to a bending of the rings such
that they are now tilted as opposed to being parallel in the parent metallocene. This
introduces a ring strain in the molecule, which can be described in terms of various
angles: #, $, %, & and ' (Figure 1.8).44 The tilt angle (#) is the angle between the planes of
the two arene rings of the metallocene. The angle $ denotes the Cpcentroid-Cipso-E angle, %
describes the Cipso-E-C´ipso angle, and & denotes the Cpcentriod-M-Cp´centroid angle. In E2bridged metallocenophanes, an angle ' is defined as the projected dihedral angle between
the axis Cpcentriod-M-Cp´centroid and the bond vector between the bridging atoms. In a nonbridged molecule # is infinite, $ angles approach zero and & is 180°. However, these
angles do not follow a general trend except the # and & angles, following that higher the
# angle after bridge formation, higher is the ring strain. The & angle decreases from 180°
following that greater the decrease, greater is the ring strain. As an outcome of the ring
strain, an upfield shift is observed in the 13C signal for the Cipso carbon atoms (bonded to
the bridging element E) and a bathochromic/red shift is observed in the UV-Vis spectra
of the ansa complexes.
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Figure 1.8. Geometric parameters in unbridged metallocenes as well as [1] and
[2]metallocenophanes.
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The bridged MCPs release the strain by undergoing ring opening leading to their
polymerization and this is thermodynamically favourable. Therefore, the strained MCPs
are important candidates for the formation of high molecular weight linear polymers.
Incorporation of transition metals into a polymer chain allows access to processable
speciality materials with unusual and attractive electrical, optical, magnetic, preceramic
or catalytic properties. This is particularly the case where the metal atoms are present in
the main chain, in spatial proximity promoting metal-metal interactions.
1.4.2. Synthesis of Bridged Metallacyclophanes (MCPs)
1.4.2.1. Fly-trap Method
The first strained metallocenophane, a [2]ferrocenophane with a C2Me4 bridge
(1.13), was reported in 1960.45 Compound 1.13 was prepared by the coupling of 6,6dimethylfulvene with sodium in THF to give the disodium salt Na2[C5H4CMe2]2,
followed by the addition of FeCl2 (Scheme 1.2).

Na / THF

CMe2
CMe2

Na

FeCl2
THF

Na

Fe

CMe2
CMe2

1.13

Scheme 1.2. Synthesis of the first [2]ferrocenophane.
The solid-state structure of 1.13 revealed that the cyclopentadienyl ligands are
significantly tilted (# = 23°) with respect to one another. Therefore, it was suggested that
analogues with a single bridging element would be too high in energy, rendering those
derivatives not isolable.
1.4.2.2. Dilithiation Approach
The first [1]ferrocenophanes with a silicon bridge (1.12b) were successfully
prepared by Osborne and co-workers in 1975.46 The [1]ferrocenophanes (1.12b) were
prepared by the dilithiation of ferrocene with nBuLi in the presence of a base (tmeda =
N,N,N´,N´-tetramethylethylenediamine) and successive salt metathesis of the 1,1´dilithioferrocene.tmeda adduct with dichlorodialkylsilane (R2SiCl2; R = Me, Ph) (Scheme
1.3) in 30 - 40% yield.
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Scheme 1.3. Synthesis of the first [1]ferrocenophane.
The product does not usually contain a predictable ratio of the dilithiated salt to
amine and ranges from 2/3 to 2 for different substituted dilithioferrocene.tmeda
adducts.47,48 Pentamethyldiethylenetriamine (pmdeta) has also been used in place of
tmeda.49 The dilithiation route is preferred whenever applicable and has been applied for
the preparation of most MCPs via dilithiation of the parent metallocene and successive
salt metathesis with the required organoelementdihalide. One drawback of this method is
the possibility of polycondensation leading to formation of low molecular weight
oligomeric materials.
1.4.3. Factors Affecting Ring Strain
1.4.3.1. Main Group (p-Block) Bridging Elements
The highest # angle for a transition metal in such a bonding environment is for
the bora[1]FCP (1.14) and is 32.4°.50,51 Normally, the tilt angle increases with decreasing
size (covalent radii) of the bridging atom(s) as well as decreasing number of atoms in the
bridge (Figure 1.9). For example, the tilt angle (#) decreases when the bridging element
is varied from boron (1.14) to sulfur (1.15), phosphorus (1.16) and silicon (1.12a), and it
follows that the [2]ferrocenophane (1.19a) has a much lower # angle compared to the
corresponding [1]ferrocenophane (1.12a).41,52-56
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Figure 1.9. Tilt angles of some selected metallocenophanes.
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Gr 13
B (0.84)a
Al (1.21)
Ga (1.22)

Gr 14

Gr 15

Gr 16

Si (1.11)
Ge (1.20)
Sn (1.39)

P (1.07)
As (1.19)

S (1.05)
Se (1.20)

Table 1.2. List of p-block elements incorporated into a [1]FCP framework. Boron is the
only 2nd row element in the series and therefore exhibits the highest tilt angle.
a
Element (covalent radii (Å)).
Although ansa complexes with heavier p-block elements in a particular group
have lower # angles due to the increasing covalent radii/size of the atoms (compare
1.12a, 1.17, 1.18a), they exhibit some characteristic reactivity due to the weakening of
the carbon-heteroatom bond.55,57-59 For example, stanna[1]ferrocenophanes were found to
be extremely susceptible to ROP and could only be isolated with bulky substituents on
the bridging tin centre (1.18a).60,61
The first Al and Ga bridged [1]FCPs (1.20 and 1.21)62,63 (Figure 1.10) were
reported by Müller et al. using 4 and 5 membered intramolecularly coordinating ligands
and

further

extended

to

[1]vanadarenophanes,64

[1]chromarenophanes,64

[1]molybdarenophanes,65 [1]ruthenocenophanes66 and [1]zirconocenophanes.67 By
careful ligand design, they were able to obtain poly galla[1]ferrocenophane by the
spontaneous room temperature polymerization of 1.22 (Figure 1.10).68
Me3Si SiMe3
SiMe2
E
Fe
N
E = Al (1.20)
E = Ga (1.21)

tBu

tBu

Fe

Ga
N
Me2
1.22

Figure 1.10. Aluminium and Gallium bridged [1]FCPs.
1.4.3.2. Substituents on the Bridging Element and Cp/Arene Rings
Varying the substituents on the Cp ring or the bridging element does not affect the
degree of ring strain to a great extent (Figure 1.11).41 However, in some cases, this effect
is more pronounced, such as in 1.24.69 The rotation of the cyclopentadienyl ligands is
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suppressed and restricted to an eclipsed conformation in ansa complexes, which places
the bulky trimethylsilyl groups also in an eclipsed orientation, resulting in steric repulsion
and an increased tilt angle.
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Figure 1.11. Tilt angle variation due to bulky substituents on the Cp rings and the
bridging element.
1.4.3.3. Central Metal
Metalloarenophanes incorporating heavier transition metals have greater # angles
due to the increase in size. For example, stanna[1]ruthenocenophane (1.25)70 has a tilt
angle greater than the stanna[1]ferrocenophane (1.18a)60 (Figure 1.12). This effect is
consistent with the greater separation between the cyclopentadienyl (Cp = C5H4) rings in
ruthenocene (3.68 Å) compared to ferrocene (3.32 Å).
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1.25
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Figure 1.12. Tilt angle variation with the change in central metal.
1.4.3.4. Transition Metal Bridging Elements
Group 4 d0 tetrahedral transition metal centres have been successfully employed
as bridging elements. Gautheron et al. (in 1990) reported a series of Ti, Zr and Hfbridged [1]FCPs from reactions of dilithioferrocene and the respective RxECl2 metal
halide [ERx = TiCp2 (1.26), = Ti(C5H4tBu)2 (1.27); ZrCp2 (1.28), Zr(C5H4tBu)2 (1.29);
HfCp2 (1.30), Hf(C5H4tBu)2 (1.31)].71 Complex 1.29 was characterized by X-ray
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crystallography and displayed the smallest tilt angle (# = 6.0°) reported for a [1]FCP to
date (Figure 1.13).
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Figure 1.13. Group 4 transition metal bridged [1]metallocenophanes.
Several years later (in 2004), a Zr-bridged [1]ruthenocenophane (1.32) was
reported (Figure 1.13).70 Complex 1.32 displayed an increase in the tilt angle (# = 10.4°)
over 1.29 due to the larger size of the ruthenium atom (covalent radii (r) = 1.46 Å) in 1.32
over the iron atom (r = 1.32 Å). Braunschweig et al. extended this to heteroleptic systems
such as [Cr(C5H5)(C7H7)] and [Mn(C5H5)(C6H6)].72 A Zr-bridged [2]ferrocenophane was
also reported.73 It is interesting to note that the ipso carbon 13C resonances of all group 4
transition metal bridged metalloarenophanes were shifted downfield. This is the exact
opposite of what is usually observed for main group-bridged [1]metalloarenophanes.41
Incorporation of group 10 transition metals such as Ni, Pd and Pt into the bridge
of [1]FCPs was reported by Manners et al. (Figure 1.14), leading to the first ansa
complexes containing square planar d8 centres. Similar to other [1]FCPs, these species
possessed highly strained structures, with tilt angles in the range of 24° - 28°. Although,
attempts to induce ROP in these species were not successful, their reactivity displayed
interesting and unprecedented features.74,75

Fe

M

PnBu3
PnBu3

M = Ni, Pd, Pt

Figure 1.14. Group 10 transition metal bridged [1]FCPs.
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1.4.4. Reactivity of Strained Metallacyclophanes
Unusual reactivity patters have been observed in [n]metallacyclophanes due to the
intrinsic molecular ring strain, which is reflected by enhanced reactivity of either the
bond between the arene ligands and the bridging element(s), that between the bridging
elements, or that between the metal and one of the arene ligands.41,76-79 Such reactivity
has been demonstrated by ansa ferrocenes as well as other non-iron metallocenes and
representative examples are discussed in the following section.
1.4.4.1. Reactivity Arising From E-Cipso Bond Cleavage
1.4.4.1.1. Thermal Ring Opening Polymerization (thROP)
Following the synthesis, it was discovered in 1992 that strained sila[1]FCPs
(1.12) could undergo thROP above 100 °C to yield high-molecular-weight polyferrocenes
(Scheme 1.4).80

SiR2
Fe

SiR2

R = Me (1.12a)
R = Ph (1.12b)

130 oC (1.12a)
230 oC (1.12b)

Fe
n
R = Me (Poly1.12a)
R = Ph (Poly1.12b)

Scheme 1.4. Thermal ROP of silicon bridged [1]ferrocenophane.
This report of the synthesis of high molecular weight poly(ferrocenylsilane) (Mn =
3.48 x 105 g/mol for Poly1.12a) via ROP was a major breakthrough in the field of
polymer science. This was the first time ROP was applied to the polymerization of an
organometallic compound leading to the formation of inorganic polymers with transition
metal atoms incorporated in the main chain of the polymer.
Thermal ROP is induced by heating the complex above a certain temperature
known as the ‘onset of ring opening’. The onset of ROP can be determined from the DSC
thermogram of the monomer, which shows an exotherm for ring opening transition.
Figure 1.15 illustrates an exothermic peak from 120 °C - 170 °C for 1.12a, and integrates
to -80 kJ/mol (#HROP).80
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Figure 1.15. DSC thermogram of 1.12a, showing a melting endotherm (Tm = 78 °C) and
an exotherm for ring opening (120 °C - 170 °C).†
Thermal ROP in case of FCPs is believed to involve the heterolytic cleavage of
the Si-Cpipso bond leading to the formation of a small population of zwitterionic,
resonance-stabilized species (1.33) with positive charge at silicon and negative charge at
the cyclopentadienyl ring, which would then attack at the silicon atom of another
molecule of 1.12a (Scheme 1.5) to propagate the chain.79,81

Fe
1.12a

SiMe2

Fe

SiMe2

Fe

SiMe2

1.33

Scheme 1.5. Proposed route for thermal ROP of [1]ferrocenophanes.
Thermal ROP of MCPs at elevated temperatures leads to virtually no control over
molecular weight, and the molecular weight distribution is broad (PDI = 1.53 for 1.12a).
Heating of the monomer at high temperatures may also lead to decomposition in some
cases. Nevertheless, thROP is still an easy ring opening method and has been applied to
various other [1]FCPs with different bridging elements as well as MCPs incorporating
other transition metals.60,70,82-86 Other methods to initiate ROP under milder conditions
were subsequently explored.

†

Figure 1.15 is reproduced with permission from: Foucher, D. A.; Tang, B.; Manners, I. J. Am. Chem. Soc.
1992, 114, 6246. Copyright 1992 American Chemical Society.
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1.4.4.1.2. Anionic Ring Opening Polymerization (anROP)
Anionic ROP is induced by several alkyllithium initiators (e.g. nBuLi, MeLi) at
room temperature. The anionic and living anionic polymerization reactions of
sila[1]FCPs involve nucleophilic attack at silicon by the anionic initiator with the
generation of a cyclopentadienyl based anion 1.34, which can subsequently participate in
chain propagation (Scheme 1.6).79,87
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Scheme 1.6. Anionic ROP of [1]ferrocenophanes.
Living anionic ROP allows the preparation of poly(ferrocenylsilanes) with well
controlled molecular weights, end group structures and also permits access to novel block
copolymers by introducing other monomers such as styrene (Scheme 1.7), isoprene,
dimethylsiloxane, methylmethacrylate, (-benzyl-L-glutamate, phosphazine.21,88-96
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n
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PS-b-PFS diblock copolymer

Scheme 1.7. The synthesis of polystyrene-block-polyferrocenylsilane diblock copolymer.
Although an efficient technique, anROP has not been extended to systems other
than FCPs due to the limitations. The major drawback of anROP, especially living
anROP, is the requirement of very stringent conditions, including highly purified
monomers and extremely dry solvents in order to avoid quenching of the reactive center.
Also, the scope of monomers is restricted due to the reactivity of certain functional
groups towards carbanions.
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1.4.4.1.3. Transition Metal Catalyzed Ring Opening Polymerization (tmROP)
Transition metal catalyzed ROP operates at room temperature or slightly elevated
temperatures

and

represents

a

very

convenient

methodology

for

preparing

poly(ferrocenylsilanes) since it does not require extremely high purity of the monomer as
in the case of anROP. The tmROP processes take place in the presence of transition metal
catalysts such as PtCl2, Karstedt’s catalyst (Pt(divinyltetraethyl disiloxane), Pd(cod)Cl2,
PdCl2 and [Rh(cyclooctene)2(µ-Cl)]2 complexes.97,98 Karstedt’s catalyst is the most
widely used catalyst for tmROP. This method has been utilized in the synthesis of
poly(chromarene),99 poly(troticene)100 and poly(vanadoarenocene).101
The mechanism for these reactions are still under investigation; however, in the
case of sila[1]FCPs the reaction is believed to proceed by the oxidative addition of the
strained Si-C bond to the coordinatively unsaturated metal centre of the catalyst. Similar
to thROP and anROP, tmROP also involves cleavage of the bond between the Cpipso
carbon and the bridging silicon atom in the monomer (Scheme 1.8). A heterogeneous
mechanism has also been proposed, suggesting the role of colloidal Pt0 nanoparticles as
the active catalyst.79,102,103
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Scheme 1.8. Proposed mechanism for tmROP of sila[1]FCPs.
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The Cpipso-Si bond cleavage hypothesis is supported by the isolation of several
species where the [Pt(PEt3)2] or [Pt(cod)] is inserted into the strained Cp-Si bond of
sila[1]FCP102,104-106 as well as non-sila[1]FCPs in a stoichiometric reaction to afford
platinasila[2]MCP derivatives (Scheme 1.9).61,107
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SiMe2
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[Pt(PEt3)3]
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- PEt3

Fe

Pt(PEt3)2
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SiMe2
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1.35

Fe

1.36

(PEt3)2
Pt
Ph
Si
Me2

Ph

Scheme 1.9. Silicon-carbon bond activation by insertion of [Pt(PEt3)2] and insertion of
alkyne into the Si-Pt bond.
Insertion of alkynes into the Si-Pt bond was also reported (Scheme 1.9).106
Platinum insertion has also been observed in stanna[1]FCPs, sila[1]manganoarenophane,
sila,

germa

and

stanna[1]troticenophanes,100,108,109

sila[1]trovacenophanes,100

sila[1]trochrocenophanes,36,37 and sila[1]molybdarenophane.110 A regioregular polymer
was obtained in case of the heteroleptic system SiMe2[1]("5C5H4)Fe("5C5Me4) by
selective cleavage of (C5H4)-Si bonds.111 Regioregularity was not observed in case of
thROP.112
1.4.4.1.4. Nucleophilically Assisted ROP
The “spontaneous” ROP of stanna[1]FCPs was investigated by Manners et al. and
through a series of experiments, generation of a cyclopentadienyl anion as well as radical
pathway were dismissed. A dramatic increase in the rate of ROP was observed on
addition of amine nucleophiles.113 Thus, this type of polymerization was termed
“nucleophilically assisted ROP”, where the initial step was indicated as the coordination
of the nucleophile, for example pyridine, to monomer (1.18), to form a five-coordinated
tin species (Scheme 1.10).114 This increases the nucleophilicity of the Cpipso carbon
without generating a cyclopentadienyl anion, which is supported by the elongation of the
C-Sn bonds trans to the incoming nucleophile. The enhanced nucleophilicity of the ipso
carbon may allow for a nucleophilic attack at the tin atom of a second monomer, as
illustrated in the transition state in Scheme 1.10. Heterolytic Cipso-Sn bond cleavage
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generates a five-coordinated stannate complex, which is known to have a lower affinity
towards electrophiles compared to the corresponding lithium carbanions. This would
explain why Me3SiCl had no influence on the rate of polymerization. Based on these
findings, the “spontaneous” ROP of 1.18 could be caused by trace amounts of residual
tmeda (which is used in the dilithiation of ferrocene) acting as the nucleophilic initiator.
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Scheme 1.10. Proposed mechanism for nucleophilically assisted ROP.
1.4.4.1.5. Cationic Ring Opening Polymerization
A second pathway was also suggested for the “spontaneous” polymerization of
stanna[1]FCPs in the presence of small quantities of HOTf and nBu3SnOTf, which react
with 1.18 to form the ring opened tin triflate species 1.38, isolated as the pyridine adduct
1.38py (Scheme 1.11).114 Compound 1.38 further reacts with 1.18 via a chain growth
ROP process (Scheme 1.12). The observation that the reaction was faster in more polar
solvents (CH2Cl2 vs C6D6) and inhibition by excess triflate anions supported the assertion
that the propagating tin centre is either cationic or has cation-like character.114
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Scheme 1.11. Ring opening addition reaction of 1.18b with ROTf.
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Scheme 1.12. Proposed mechanism for cationic ROP.
1.4.4.2. Metal-Cp Bond Cleavage - Photolytic Ring Opening Polymerization
The cleavage of the Fe-Cp bonds in strained metallocenophanes was first
observed in the reaction of highly strained bora[1]FCP (1.14) with metal carbonyls
(Scheme 1.13).51
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Scheme 1.13. Insertion of Fe(CO)5 into the Fe-Cp bond of bora[1]ferrocenophane.
Later, Miyoshi and co-workers showed that UV photolysis of phospha[1]FCP in
donor solvents (e.g. THF) led to Cp ligand slippage from "5 to "1 and ultimately caused
Fe-Cp bond cleavage.115,116 To elucidate the mechanism of photolytic ROP, various
phospha[1]FCPs were irradiated with UV light in the presence of a large excess of
P(OMe)3 (Scheme 1.14) and the molecular structure of the product was determined by Xray crystallography revealing a "5 to "1 haptotropic shift.116
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Scheme 1.14. Haptotropic shift of the Cp ligand under photolytic conditions.
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Photodissociation of the Fe-Cp bond by the use of an appropriate anionic initiator
led to the discovery of a new photolytic living anROP method.95,117,118 Treatment of
sila[1]FCP (1.12a) with moderately basic anionic initiators Na[C5H5R] where R = H or
Me in THF at 5 °C and irradiation of the reaction mixture with Pyrex-filtered light (125
W, ) > 300 nm) results in ROP of 1.12a.117 The photolytic ROP provides excellent
control over the molecular weights up to a ratio of 200:1 for 1.12a : Na[C5H5] and a PDI
< 1.1 (Scheme 1.15). Photolytic living anROP has also been recently extended to
phospha[1]FCPs.96
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Scheme 1.15. Photolytic ROP of sila[1]ferrocenophane (1.12a).
Cleavage

of

the

M-arene

bond

was

also

observed

when

galla[1]molybdoarenophane (1.39)65 and bora[1]vanadoarenophane (1.40)101 were heated
with catalytic amounts of [Pt(PEt3)3] in C6D6, resulting in formation of the respective
unstrained, monometallic 1.41 and 1.42 (Scheme 1.16). This unusual reactivity proposes
a possibility for another version of ROP, which relies on breaking of the M-arene
bond.65,101
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Scheme 1.16. Unusual reactivity of galla[1]molybdoarenophane
bora[1]vanadoarenophane (1.40) with transition metal catalysts.

(1.39)

and

27
1.4.4.3. E-E Bond Reactivity
Interesting reactivity other than polymerization, is observed in homoatomic E-E
bridged MCPs resulting from breaking of the E-E bonds and oxidative insertion of
different substrates into the E-E bond.76 Transition metal catalyzed insertion of alkynes
into Si-Si and B-B bonds of [2]FCPs and [2]chromarenophanes have been observed.119-123
Since the dibora[2]MCPs are more strained, they exhibit enhanced reactivity for insertion
of isocyanides as well as diazo compounds (Scheme 1.17).124,125 Insertion of chalcogens
(O, S, Se and Te) into the Sn-Sn bond of distanna[2]FCP has also been reported.126
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Scheme 1.17. Oxidative cleavage of B-B bonds and diborylation of various substrates.
Rapid progress has been made in the field of ansa MCPs and various new systems
and their reactivity has been explored.41,68,76 However, none have been able to compete
with the ferrocenophanes in terms of their efficient polymerization and wide ranging
applications in material science. Polyferrocenylsilanes have attracted attention as redoxactive components of photonic crystal displays,24 capsules with redox-tunable
permeability,127 redox-responsive surfaces,128 precursors to magnetic and catalytically
active ceramics,129,130 plasma-etch resists for nanopatterning applications,131,132 selfassembled or crystalline materials133-136 and precursors to the growth of carbon
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nanotubes.137,138 The use of the ROP approach to access new polymer systems based on
metals other than iron is much less investigated and is currently restricted to materials
based on Ru, Ti, V, and Cr.41,83,99-101,139 Also, late transition metal ansa complexes
(Group 9 onwards) have been much less explored. Main chain cobaltocenium and
cyclopentadienyl(cobalt)cyclobutadiene (CpCoCb) containing polymers have been
recognized as important synthetic targets based on their isoelectronic nature with
ferrocene and enhanced metal-metal interactions have also been suggested in
polycobaltocenes.140 In order to access neutral 18 electron cobaltoarene polymers, we
targeted ansa cobaltoarene complexes based on the CpCoCb framework. Background
information regarding synthesis of CpCoCb complexes is presented in the following
section.
1.5. Synthesis of CpCoCb Complexes
Dimerization of alkynes at the CpCo(I)L2 fragment is the most widely used
method for the synthesis of CpCoCb complexes (Scheme 1.18). Hayashi and Merijan
demonstrated that this method could be applied for various phenyl acetylenes PhCCR (R
= SiMe3, SiMe2SiMe3, SnPh3, Me, CHO, COMe and CF3);141,142 however, with 3phenylpropynoic acid and diiodoacetylene, it failed to give the expected cyclobutadiene
complexes.142 This method has also been extended to heteroatom substituted alkynes such
as amines,143,144 phosphines,145 boranes,144,146 carboranes,147 phosphoryl groups,148-150
thioaryls,147 as well as fluorous hydrocarbons.151 Various substituted cyclopentadiene
complexes have also been prepared using the same approach.152-154†
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Scheme 1.18. Alkyne dimerization at a CpCo(I) fragment.
The CpCo(I)L2 (L = CO, PPh3, C2H4) fragment is generated in one of the
following ways, outlined in Scheme 1.19. (1) From a Co(0) precursor such as Co2(CO)8
†

The references provided here are only representative examples.
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and cyclopentadiene in the presence or absence of a hydrogen donor (Eq. 1.4);155-161 (2)
from a Co(I) precursor for example ClCo(PPh3)3152-154,162,163 or ICo(CO)4164-166 following
a simple salt metathesis with the deprotonated cyclopentadienyl ligand (Eq. 1.5) and; (3)
from the reduction of a Co(II) precursor such as Cp2Co142,167-170 or Cp2Co2X2 dimer171-173
in the presence of ethylene (Eq 1.6). Although ClCo(PPh3)3174 is commercially available,
best results are obtained when a freshly prepared sample is used.175 The CpCo(I)L2
fragment generated is then treated with the respective alkyne which undergoes
dimerization at the Co(I) centre forming a cyclobutadiene ring. Similar reactivity was
also observed when L = 1,5-cyclooctadiene (cod) or cyclooctatetraene (cot).142,176 The
bis-alkene compounds are more labile and primarily used as catalysts, as compared to
bis-carbonyl where sometimes forcing conditions are required for ligand substitution.177¶
These methods have also been extended for the synthesis of various substituted Cp
derivatives.†
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Scheme 1.19. General approaches to the synthesis of CpCoCb compounds.

¶

Theoretical calculations suggest a value of 21.7 kcal/mol for the dissociation of C2H4 from CpCo(C2H4)2
and 44.2 kcal/mol for the dissociation of CO from CpCo(CO)2.
†
References included in the discussion above and in Chapter 4 (Section 4.1).
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Although many studies have been carried out to understand the mechanism of
these reactions, it is still not fully understood what controls the distribution of the
products obtained and the precise nature of the mechanism. Dicobalt compounds with
bridging acetylenes have been isolated from reactions of bis(trimethylsilylacetylene)
(BTMSE) and have been suggested as possible intermediates.141,178-180 However, the
mechanism proposed by Rausch et al. featuring a metallacyclopentadiene intermediate is
more widely accepted (Scheme 1.20).181-183 Stepwise exchange of the ligand (L) (where L
= PPh3 or CO) with the alkynes is the first step of Rausch’s proposed mechanism, leading
to 1.44 and 1.45. From 1.45, 1.46 can form, which is in equilibrium with 1.47. Products
1.48, 1.49 and 1.50 can then be obtained from 1.46 depending on the reaction conditions
and acetylene derivatives used. Isolation of the intermediates of types 1.44 and
1.47145,163,184-188 provides support for this mechanism. Although intermediates 1.45 and
1.46 have not been isolated, there is evidence for their existence.189,190 Veiros et al. have
modeled two different pathways between 1.45 and 1.48 showing a large activation barrier
to formation of F by either pathway. This high barrier to the formation of 1.48 often
leads to the preferential formation of other products 1.49 and 1.50.191
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It has been suggested from the density functional theory (DFT) calculations that
were carried out in conjunction with the experimental observations that the
cyclobutadiene
unfavoured.

191-193

complexes

are

thermodynamically

favoured

but

kinetically

It is also believed on the basis of these studies, that the formation of

cyclobutadiene complexes occurs when all the other alternatives are inhibited. Therefore,
the alkyne dimerization pathway is restricted to bulkier or aryl substituted alkynes
trimerization being a concurrent process in the absence of steric bulk, and is evident from
the failure of this method with 2-butyne.141,159
The CpCoC4R4 species (1.48) was considered to be the most stable product of this
pathway for a long time until Gleiter et al. showed that CpCo-stabilized cyclobutadiene
complexes 1.51 could be converted into the aromatic species 1.52 and 1.53 by heating
with benzonitrile and dimethyl acetylenedicarboxylate (DMAD), respectively (Scheme
1.21).182
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Scheme 1.21. Reactivity of 1.51 with unsaturated triple bonded substrates.
They also reported increased reactivity of tetrathia-substituted CpCoCb
complexes (e.g. 1.54) towards CO insertion (Scheme 1.22) and proposed that this could
happen only when the cyclobutadiene complex 1.48 and the metallacyclopentadiene
species 1.46 were in equilibrium (for the respective compounds) (Scheme 1.23).182
Quantum chemical calculations have shown that electron-donating substituents, in
comparison to carbon substituents, favour the metallacyclopentadiene intermediate
significantly (about 27 kcal/mol).
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Maitlis and co-workers discovered the !-cyclobutadiene ligand transfer reaction
in the early 1960’s which was initially utilized in the transfer of an aryl substituted
cyclobutadienyl ring from palladium to cobalt (Scheme 1.24).194-198

Ph

Ph
Ph
Pd
I

Ph

Co2(CO)8

OC

I

2

Cp

2C

Ph
Ph

Ph
Ph

Ph

Co
I
CO

CpFe(CO)2Br
or
[CpFe(CO)2]2

o

Co2(CO)8

Pd

Ph

Ph
Ph

Ph
Ph

Co
Ph
Ph

Scheme 1.24. Synthesis of CpCoC4Ph4 by ligand transfer reaction of the cyclobutadiene
ring.
A few years later, Koster et al. found the zwitterionic cyclobutenyl species ("1Me4C4)AlCl3, which proved to be very useful in organic synthesis and was found to be a
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convenient

source

of

tetramethylcyclobutadiene.199

Thus,

the

first

cobalt-

tetramethylcyclobutadiene (Cb*) complex (1.56) was prepared by a ligand transfer from
the nickel complex [Cb*NiX2]2 (X = Cl, I), which itself was obtained from the reaction of
("1-Me4C4)AlCl3 with Ni(CO)4 (Scheme 1.25).200-202
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Scheme 1.25. Ligand transfer of the Cb* ring from Ni to Co.
Pauson et al. then showed that ("1-Me4C4)AlCl3 directly reacts with Co2(CO)8 to
form the complex cation [Cb*Co(CO)3]+ which was isolated as a PF6- salt in good
yield.203,204 This was an important discovery in this field and led to the synthesis of
various Cb*Co derivatives. Kudinov et al. in 2004, reported a modified synthesis of
[Cb*Co(CO)3]+ which was isolated as the neutral iodide 1.57 (Scheme 1.26) in a one-pot
procedure.205-207 This method has been extended since to synthesize many tetraethylsubstituted cyclobutadiene Co complexes.208 It should be noted that the synthesis of
cyclobutadiene Co complexes with mixed alkyl and aryl substituents on the
cyclobutadiene ring has not been achieved so far.

Cl3Al
AlCl3

Co2(CO)8
OC

Co
CO
CO

Me3NO . 2H2O
NaI . 2H2O
OC

Co
I
CO
1.57

Scheme 1.26. Direct reaction of ("1-Me4C4)AlCl3 with Co2(CO)8 and isolation of
Cb*Co(CO)2I.
Two different approaches were undertaken to synthesize the unsubstituted
cyclobutadiene complex CpCoCb (1.61). Dehalogenation of 3,4-dichlorocyclobutene
(1.58) by NaCo(CO)4 was used by Pettit et al. to prepare CbCo(CO)2Co(CO)4 (1.59),
which was transformed to the dicarbonyl-iodide complex 1.60 by treatment with iodine
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(Scheme

1.27).209

Limited

accessibility

and

difficult

synthesis

of

3,4-

dichlorocyclobutenes render this procedure unattractive. Rosenblum reported an
alternative pathway to the unsubstituted CpCoCb complex in the same issue of Journal of
the American Chemical Society (1968), by the irradiation of #-pyrone in the presence of
CpCo(CO)2. The low isolated yield of 17% was due to the formation of a "4-#-pyrone
complex as the main product.210 It is important to note that neither of these two pathways
have been reproduced since the initial reports, primarily because of the unconventional
starting materials used and low yields obtained.
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Scheme 1.27. Reported synthetic pathways for unsubstituted CpCoCb complex.
1.5.1. Bonding in CpCoCb Compounds
Kudinov and co-workers have performed theoretical calculations on a model of
CpCoCb.207 Based on their theoretical calculations, electrochemical studies and chemical
oxidation (of Cp*CoCb*) it is clear that the cobalt atom in these compounds exhibit a +1
oxidation state, which is in accordance with a common description of cyclobutadiene as a
neutral ligand. The molecular orbital correlation diagram of CpCoCb is shown in Figure
1.16, which is in accordance with previous calculations,211,212 although the relative energy
of some orbitals was found to be slightly different.
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Figure 1.16. Molecular Orbital correlation diagram for CpCoCb. Only interactions
resulting in significant contribution to the total bonding energy are shown.†
An important point to illustrate is that the molecular orbitals 3a!! HOMO and 4a!
HOMO-1, resulting from the covalent interaction between dxz, dyz metal orbitals and 2a!,
1a!! ligand $-orbitals respectively, are bonding with respect to the Co-Cb interaction and
antibonding with respect to Co-Cp. Therefore removal of one electron from the HOMO
orbital would lead to simultaneous weakening of the Co-Cb bond and strengthening of
the Co-Cp bond, providing thermodynamical evidence for the elimination of the Cb*
†

Image 1.16 is reproduced with permission from: Mutseneck, E. V.; Loginov, D. A.; Perekalin, D. S.;
Starikova, Z. A.; Golovanov, D. G.; Petrovskii, P. V.; Zanello, P.; Corsini, M.; Laschi, F.; Kudinov, A.
Organometallics 2004, 23, 5944. Copyright 2004 American Chemical Society.
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ligand under chemical oxidation of CpCoCb*. However, the oxidized compound from
one electron oxidation of bulkier Cp*CoCb* could be isolated.
Electrochemical behaviour of CpCoCb* was also studied and it was shown to
undergo a reversible one electron oxidation (E°*0/+ = 0.51 V vs SCE) followed by further
ill defined oxidation processes.
1.5.2. Polymers Containing CpCoCb Units
(Cyclopentadienyl)Co(cyclobutadiene) (CpCoCb) based polymers have attracted
attention since early 1990’s when three independent groups reported the synthesis of such
polymers by different approaches, all of which utilize functionalization of the alkynes or
the cyclobutadiene ring in turn.78
The groups of Hiroshi Nishihara and Takeshi Endo have taken advantage of the
oxidative coupling of bis-alkynes at the metal centre, with CpCo(PPh3)2 to form
metallacyclopentadiene polymers. This method was termed as MetallaCycling
Polymerization.213-215 Thermal rearrangement of the cobaltacyclopentadiene polymers
resulted in the generation of cyclobutadiene containing Co(I) polymers (Scheme 1.28).216220
R
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R
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R
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Scheme 1.28. Synthesis of CpCoCb polymers by MetallaCycling Polymerization.
Using conjugated diacetylenes viz. HCC-Ar-CCH (where Ar = 1,4-phenylene, 2fluoro-1,4-phenylene, 2,5-difluoro-1,4-phenylene and 4,4’-diphenylene) yielded insoluble
materials.221 Use of alkyl groups on the Cp ring as well as alkyl-terminated diacetylenes
improved the solubility of these polymers. Regioselectivity of metallacyclization is
important for the !-conjugation in these polymers and three different regioisomers are
possible in terms of the position of Ar groups on the cobaltacyclopentadiene (Scheme

37
1.28). A 4:6 ratio of 2,5- and 2,4- isomers was observed and Nishihara could achieve
80% regioselectivity for the desired 2,5 isomer using para-di-1-propynylbenzene and
hexylCp ligand.214,222,223 They also showed that these kind of polymers have conducting
properties. The molecular weights were in the range of 103 to 105 g/mol (relative to
polystyrene) and the PDI’s were usually high (1.3 - 5.2).
Due to the limitations in the above approach, a step-wise growth of polymers via
a condensation route was also employed.

Polycondensation of a dihalogenated

cobaltacyclopentadiene complex (1.65) with Ni(cod)2 (2 equivalents) was applied for the
synthesis of perfectly !-conjugated polymer with no regioisomers (Scheme 1.29), and Mn
reached 2.0 x 105 g/mol (PDI = 2.8). Endo and group also synthesized polyesters and
polyethers by the use of alkynes bearing an alcohol or ether functional group.224
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Scheme 1.29. Polycondensation approach to cobaltacyclopentadiene polymers.
Bunz and Altmann employed the Heck-Cassar-Sonogashira-Hagihara conditions
for Pd catalyzed coupling of terminal alkynes with aryl iodides to generate linear, main
chain

CpCoCb

polymers.225

containing

Coupling

of

the

(1,3-diethynyl-

cyclobutadiene)cobalt complex 1.66 with aryl diiodides (1.67) resulted in organometallic
para-polyarylene-ethynylene (PAE)

polymers (Scheme 1.30), which

displayed

thermotropic, liquid crystalline behaviour.
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Scheme 1.30. Palladium catalyzed coupling of 1.66 with aryl diiodides 1.67.
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Molecular weights ranging from 4.31 x 103 to 23.6 x 103 g/mol and PDIs ranging from
1.7 to 5.3 were obtained. Analogous materials containing thiophene in the main chain
have also been prepared by this approach, which form smectic lyotropic liquid crystalline
phases.226
A further improvement was achieved with the ‘acyclic diyne metathesis’
(ADIMET) approach using an in situ generated Mo catalyst (Scheme 1.31).227-229 The
ADIMET approach was also superior to the Pd-catalyzed couplings in terms of the yield,
molecular weights and purity of the polymers obtained. Molecular weights ranging from
37 x 103 to 85 x 103 g/mol and PDIs ranging from 2.9 to 3.7 were obtained. Also, this
method allowed for the incorporation of two phenylene-ethylene groups rather than one,
between the organometallic units. A model study with linear oligomers (n = 2-9)
demonstrated a bathochromic shift in the UV-Vis absorption spectra as the number of
monomer units increased up to n = 7.230-232 This result supported the idea that some
delocalization through the CpCoCb system was possible, as desired for conducting
polymers.
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Scheme 1.31. The acyclic diyne metathesis approach, to obtain organometallic PAEs
incorporating CpCoCb units.
Upon pyrolysis of a film casted from CS2 for silylated polymer 1.68 (Figure 1.17)
at 600 °C, high yielding ceramics were obtained (88% under N2 and 97% in air). When
pyrolysis was performed under nitrogen a C,Si,Co ceramic formed, while under air a
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Si,Co,O ceramic (approximate composition Co2Si4O11) was obtained, as all of the carbon
was burned out.233
(iPr)3Si
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CpCo

n

O
(iPr)3Si
1.68

Figure 1.17. Silylated CpCoCb containing polymer for ceramic preparation.
Swager and co-workers incorporated electrochemically polymerizable thiophene
units on the Cb ring of these complexes (1.69) (Scheme 1.32). They also studied the
conducting properties of the resulting polymers and reported a moderate ability of the Cb

n

ring to allow charge migration.234
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Scheme 1.32. Oxidative electrochemical polymerization of thiophene substituted 1.69.
Finally, Yoshifuji et al. reported the unexpected formation of a linear
coordination polymer when they attempted to remove the CpCo moiety from the
tetraphosphoryl-cyclobutadiene framework of 1.70 with ceric ammonium nitrate (Scheme
1.33).148
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Scheme 1.33. Treatment of 1.70 with ceric ammonium nitrate, resulting in the formation
of a coordination polymer.
1.6. Scope of the Thesis
In light of the above discussion, the work presented in this thesis targets the
generation of novel CpCoCb containing monomers for development of well defined
Co(I) polymers. As mentioned above, CpCoCb polymers hold potential for applications
in terms of their liquid crystalline behaviour, conductivity and generation of cobalt
silicate ceramics for magnetic materials.
Chapter 2 describes the synthesis of CH2-EMe2 bridged [2]cobaltoarenophanes (E
= Si, Ge) via dilithiation of CpCoCb* mixed sandwich compound. Attempts towards ring
opening of the carbosila[2]cobaltoarenophane are also discussed. However, failure
towards ring opening of the [2]phanes and synthesis of [1]cobaltoarenophane by the
dilithiation approach, led us to investigate alternative ways to synthesize the bridged
species. Alkyne dimerization at the cobalt centre using a Cp ligand with pendent alkyne
was decided as the alternative.
In this regard, the synthesis of alkyne-appended Cp ligands having a general
formula C4R4EMe2C2Ph (E = Si, Ge, Sn; R = H, Me) is discussed in Chapter 3. The
reactivity of these ligands is discussed in Chapters 4 and 5. Specifically, synthesis of halfsandwich complexes of the alkyne-appended ligands with Co and Ni are explored in
Chapter 4, in order to investigate if the pendent alkyne coordinates to the metal centres. It
was found that there were significant differences in the reactivity of the different ligands.
Chapter 5 describes the synthesis of various metallocenes (Ti, Fe and Co) by
transmetallation of the respective metal dihalides with Li or K salt of the ligands
introduced in Chapter 3. The reactivity of the alkyne substituent is also explored.
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Dimerization of the pendent alkynes resulted in the formation of [4]metallocenophanes of
Co and Fe.
Chapters 2-5 explain our endeavours with the synthesis of new monomers for the
synthesis of main-chain Co(I) polymers, which did not proceed as expected. Therefore,
the possibility of side-chain CpCoCb polymers was also explored. Chapter 6 highlights
the synthesis of side-chain CpCoCb containing polymers by the incorporation of
polymerizable vinyl groups on the Cp ring of the molecule.
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Chapter 2
Synthesis and Characterization of Neutral 18-Electron
[2]Cobaltoarenophanes†
2.1. Introduction
Given the utility of metalloarenophanes as ideal precursors for ring opening
polymerization, the quest for new molecules to generate different metallopolymers has
intensified over the recent years. However, metalloarenophanes incorporating late
transition metals (group 9 onwards) are much less prevalent. At the beginning of this
project, there existed only two examples of cobaltoceniumphanes, 2.1 and 2.2 (Figure
2.1).1,2 Subsequently, two more examples of cobaltocenophanes (2.4, 2.5), and one
example of nickelocenophane (2.3) were reported by the groups of Ian Manners and
Holger Braunschweig (Figure 2.1).3-5 Dermot O’Hare et al. reported the synthesis of rac
and meso permethylindenyl incorporating cobaltocenophane 2.6 (Figure 2.2).6
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Figure 2.1. Literature examples of late transition metal (group 9 and 10)
metallocenophanes with the year of publication.

†

Part of this work has been published: Chadha, P.; Dutton, J. L.; Sgro, M. J.; Ragogna, P. J.
Organometallics 2007, 26, 6063-6065. Jason L. Dutton solved the X-ray data for compounds 2.12a, which
was collected by Dr. M. C. Jennings. X-ray data for compound 2.12b was collected and solved at X-ray
Crystallography Laboratory, Department of Chemistry, University of Alberta, Edmonton, Alberta, Canada
by Dr. M. J. Ferguson. Michael J. Sgro was an undergraduate volunteer at the time and assisted in the
synthesis of starting materials 2.8 and 2.9.
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CH2
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CH2
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Figure 2.2. Permethylindenyl bridged ansa-cobalt complex.
The cobaltocenophanes (2.1, 2.2, 2.4, 2.5 and 2.6) utilize a homoleptic
cobaltocene system and are either neutral 19 electron or cationic 18 electron species. The
[2]metallocenophanes 2.1 - 2.6 are prepared using the fly-trap method (Chapter 1).
Cobaltocenophane 2.4 was shown to undergo thermal ring opening polymerization and
was isolated as a cobaltocenium polymer after oxidation (Scheme 2.1).7 Anionic ROP of
2.4 was reported to result in smaller oligomers with up to nine repeat units.

Co

CH2
CH2

1) 140 0C, 1 h
2) NH4NO3, air, 16 h

Co

2.4

NO3
n

Scheme 2.1. Thermal ring opening polymerization of 2.4.
One of the drawbacks of cobaltocenium based polymers is that they are insoluble
in common organic solvents, which restricts their utility to more polar solvent media.
Cobaltocenes are difficult to functionalize, leading to few examples of functionalized
cobaltocenium compounds, which are also difficult to purify. The isoelectronic
(cyclopentadienyl)cobalt(cyclobutadiene) (CpCoCb) compounds are neutral, soluble in
common organic solvents and relatively easy to functionalize. This prompted us to
harness our efforts towards utilizing the CpCoCb framework for the development of a
new class of cobaltoarenophanes.
Working towards the synthesis of precursors to neutral 18 electron Co(I)
polymers, we report the synthesis of SiR2 (R = iPr, Me) and GeMe2 bridged
[2]cobaltoarenophanes via dilithiation of CpCoCb* (Cb* = C4Me4) followed by salt
metathesis with a main group dihalide. This represents the first development into the
chemistry of neutral 18-electron metallacyclophanes featuring a Group 9 metal and
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furthermore, one that incorporates a heteroleptic system of cyclopentadiene and
cyclobutadiene ligand. To date, compound 2.10 represents the only example where a
metal coordinated Cb* ring has been deprotonated, and compounds 2.12-2.13 represent
the only examples of heteroleptic, neutral 18 electron cobaltoarenophanes prepared via
the dilithiation route.
2.2. Results and Discussion
2.2.1. Synthesis
The general synthesis of metalloarenophanes involves the selective dilithiation of
the parent metallocene and subsequent salt metathesis with an organoelement dihalide
(RxECl2) (Chapter 1). The parent mixed sandwich, CpCoCb* (2.9), was prepared using a
slight modification of the literature procedure over two steps.8 The first step involved the
synthesis of the half sandwich complex Cb*Co(CO)2I (2.8) (Scheme 2.2).

Cl3Al
4

4 AlCl3

2

DCM
+ Co2(CO)8

70 h

OC

Co
CO
CO
2.7

Me3NO . 2H2O
NaI . 2H2O
H 2O
6h

OC

Co
I
CO
2.8

Scheme 2.2. Synthesis of Cb*Co(CO)2I (2.8).
The (dicarbonyl)cobalt-iodide complex (2.8) was treated with LiCp, which was
prepared from freshly cracked cyclopentadiene and nBuLi. The purity of LiCp plays an
important role as the yields were observed to drop appreciably to 30-50% using LiCp
containing only a minor amount of impurity. In addition, the reaction did not proceed in
the absence of THF, so the procedure was modified by using a mixture of n-hexane and
THF. A minimum quantity of THF was used, just enough to dissolve the LiCp. Excess of
THF also led to a decrease in yield. The loss in yield is because the mixed sandwich
complex 2.9 readily sublimes under vacuum at RT and using large quantities of THF
results in loss of the compound during removal of the solvent in vacuo. Following this
protocol, the reaction time was reduced to 2 h instead of 6 h and the reaction temperature
to 40 °C to give CpCoCb* (2.9) in 80% yield (Scheme 2.3).
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Co
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Scheme 2.3. The synthesis of mixed sandwich complex CpCoCb* (2.9).

Figure 2.3. Sublimation of the mixed sandwich complex CpCoCb*.
Freshly sublimed CpCoCb* (Figure 2.3) was then double deprotonated. The
addition of nBuLi to a solution of 2.9 and pmdeta (N,N!,N!,N!!,N!!-pentamethyldiethylene
triamine) in n-hexanes resulted in the slow formation of a dark orange solution and an
orange/brown precipitate.

The supernatant was decanted, the solids were washed

repeatedly with n-pentane or n-hexane and dried in vacuo to give an orange brown
powder (2.10) in moderate to good yields (! 65 – 70%) (Scheme 2.4). It should be noted
that the reaction did not proceed when tmeda (N,N,N!,N!-tetramethylethylene diamine)
was employed as a base, which is likely a result of weaker coordination of tmeda to Li,
leading to weaker stabilization of the reactive dilithiated species (2.10).
An alternative route for the formation of 2.10 was developed, involving the
addition of a stirred solution of CpCoCb* (in n-hexane) to a premixed solution of pmdeta
and nBuLi in n-hexane. The product obtained by this method had a far superior purity and
a clean 1H NMR spectrum could be obtained. Although repeated attempts to grow single
crystals have not been successful, the formulation of 2.10 was ascertained from the
elemental analysis of the bulk material, confirming the presence of one pmdeta molecule
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per molecule of 2.10. This is in accordance with other structurally characterized
dilithiated metallocenes.9
SiMe3
Co

3 nBuLi
3 pmdeta
n-Hexane

Co

CH2Li

pmdeta

Li

2 SiMe3Cl

SiMe3

65% yield
2.9

N

Co

- 40 oC, n-Hexane
- 2 LiCl

N

N

pmdeta

35% yield

2.10

2.11

Scheme 2.4. Dilithiation of CpCoCb* (2.9) followed by a 1:1 stoichiometric reaction with
SiMe3Cl.
Compound 2.10 is the only known metallocene with a deprotonated Cb* group.
This is important in the context of the tendency of Cb ring to eliminate as a dianion on
the reduction of CpCoCb compounds with Li metal. Sekiguchi et al. have reported the
isolation of several cyclobutadienyl dianions with stabilizing silicon substituents (Scheme
2.5).10-13 Reduction and elimination of the Cb* ring is not observed upon reaction with
n

BuLi.
Me3Si
Me3Si

SiMe3
Co

SiMe3

Li
THF

Me3Si

SiMe3
2 Li

2-

Me3Si

SiMe3

Scheme 2.5. Synthesis of tetra-silyl substituted cyclobutadienyl dianion from the
reduction of CpCoC4(SiMe3)4.
The reactivity of the dilithiated cobaltoarene 2.10 was then explored with main
group halides. The addition of two stoichiometric equivalents of SiMe3Cl to an n-hexane
suspension of 2.10 at -45 °C resulted in a yellow/brown solution (Scheme 2.4). A similar
change was observed by the slow, dropwise addition of an n-hexane solution of R2SiCl2
(R = iPr, Me) or Me2GeCl2 to a slurry of 2.10 at low temperature (-40 °C), slowly
generating a yellow/brown solution. Upon warming to room temperature the reaction
mixture was filtered through celite to remove the LiCl giving a clear yellow/brown
filtrate. The volatiles were removed in vacuo leaving a yellow/brown oil (Scheme 2.6).
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Co

CH2Li

pmdeta

Li
2.10

R2ECl2
CH2
Co
- 40 oC, n-Hexane
ER2
- 2 LiCl
- pmdeta
ER2 = SiiPr2 (2.12a)
SiMe2 (2.12b)
GeMe2 (2.13)

Scheme 2.6. Synthesis of new [2]cobaltoarenophanes via salt elimination from 2.10.
Proton NMR spectra of the crude samples revealed the presence of large amounts
of pmdeta and varying amounts of parent mixed sandwich species 2.9. The presence of
the parent compound was anticipated from the protonation of the dilithiated compound by
proton abstraction from the solvent medium. Compounds 2.11-2.13 were purified by
sublimation under vacuum (0.2 Torr) onto a cold finger at -20 °C. The first sublimation
usually resulted in the isolation of the parent complex 2.9 and pmdeta, and was therefore
discarded. A second sublimation resulted in isolation of compounds 2.12a, 2.12b and
2.13 as yellow solids. Compound 2.11 was also obtained as a solid on the cold finger (-20
°C) but it was found to be a viscous oil at RT. Therefore, 2.11 had to be quickly isolated
after sublimation. In order to effectively remove the pmdeta from the compounds, the
crude solutions after the reaction were filtered through neutral or basic alumina alongwith celite (see experimental section for details).

Me (Cb*)
Co

$%Cp = 0.08 ppm
"

#

#

SiMe2

CH2
SiMe2

"

Me (Cb*)

CH2

Figure 2.4. The proton NMR spectra of 2.12b in C6D6. Symbols " and # denote Cp and
Cp protons, respectively.
"

#
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Proton NMR spectroscopy of the clean samples after sublimation revealed the
expected two telltale pseudo-triplets for an A2 B2 spin system typical of a monosubstituted Cp ring, each integrating to 2 protons (Table 2.1). Figure 2.4 shows the 1H
NMR spectrum of 2.12b and represents the general pattern observed for these
compounds. In addition, the methyl signals on the Cb* ring were now nonequivalent and
a distinct methylene signal was observed (Table 2.1). The $%Cp values ($%Cp = difference
in chemical shift between Cp and Cp protons) were 0.08 ppm in both 2.12a and 2.12b
"

#

and 0.23 ppm in 2.13. The $%Cp value has been an indication for the degree of ring strain
in ferrocenophanes and is found to be 0.17 ppm and 0.40 ppm in [2]ferrocenophane
(2.14) and [1]ferrocenophane (2.15), respectively (Figure 2.5).14 As expected, the $%Cp
value is higher in the bridged compounds 2.12 and 2.13 as compared to the unbridged
2.11 ($%Cp = 0.03 ppm). A higher $%Cp value for the GeMe2-bridged species 2.13 over the
SiMe2-bridged 2.12 was also observed in the case of GeMe2 and SiMe2-bridged
[2]ferrocenophanes ($%Cp = 0.38 and 0.17 ppm respectively).15 This does not necessarily
mean that the GeMe2-bridged compound is more strained and could be attributed to the
different electronic properties of Ge over Si. No upfield shift was observed in the
13

C{1H} NMR spectra for the ipso-carbon atoms, an additional mark of imposed ring

strain.

Rather, a slight down field shift was noted for both ipso-carbon centers as

compared to the parent CpCoCb* in all cases (Table 2.1), the shift being more
pronounced in 2.13. The CH2–GeMe2 bridged cobaltoarenophane was always found to be
contaminated with some mixed sandwich complex 2.9 and therefore, further
characterization and reactivity studies were based on the CH2–SiR2 bridged
[2]cobaltoarenophanes.

Fe

CH2
SiMe2

! = 11.8o
2.14

Fe

SiMe2

! = 20.8o
2.15

Figure 2.5. SiMe2-bridged [2]ferrocenophane 2.14 and [1]ferrocenophane 2.15.
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2.11
1
H NMR (ppm)
Cp , Cp 4.62, 4.65
$%Cp
0.03
CH2
1.38
13
C NMR (ppm)
Cpipso
84.9
*
Cb ipso
79.4
"

#

2.12a

Compound
2.12b
2.13

CpCoCb*

4.98, 5.06
0.08
1.67

4.96, 5.04
0.08
1.55

4.91, 5.14
0.23
1.74

4.50
0
-

79.9
77.0

83.0
76.7

90.1
82.0

80.0 (Cp (CH))
74.8 (Cb* (CH))

Table 2.1. The spectral characteristics of compounds 2.11-2.13, in comparison with
CpCoCb* (2.9).
2.2.2. UV-Visible Spectroscopy
The absorption spectra of compounds 2.9 and 2.12 were recorded in n-hexane
from 300 to 700 nm and &max for the lowest energy absorption was recorded. A red shift
of 19 nm (&max = 394 nm, $E = 303.62 kJ/mol) and 25 nm (&max = 400 nm, $E = 299.07
kJ/mol) was recorded for the ansa-bridged compounds 2.12a and b, respectively
compared to the parent cobaltoarene complex CpCoCb* (2.9) (&max = 375 nm, $E =
319.00 kJ/mol) (Figure 2.6). This indicates that there is a decrease in the HOMO-LUMO
energy gap in the complex after bridge formation.

Figure 2.6. UV-Vis spectra of 2.9, 2.12a and 2.12b.
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This is analogous to the ferrocenophanes 2.14 and 2.15, which also display a
bathochromic shift of 28 nm and 38 nm respectively, compared to their parent
metallocenes.16 The UV-Visible spectroscopy experiments lend further support to the
point that the compounds 2.12a and b are strained, however, the amount of strain is
significantly less compared to the [1]ferrocenophane 2.15 (based on the magnitude of red
shift observed).
2.2.3. X-Ray Crystallography
Compounds 2.12a and 2.12b were crystallized by vapour diffusion (Et2O/nhexane), and compounds 2.11 and 2.13 from saturated n-pentane solutions at -30 °C. Xray diffraction data of the single crystals confirmed the identity of 2.11, 2.12a, 2.12b and
2.13 (Figures 2.7-2.9) as sandwich complexes with the Cp and Cb* ring bridged in 2.12
and 2.13. Compound 2.13 had a disordered Cp ring (Figure 2.7B) and therefore, bond
lengths and angles cannot be commented upon. Figure 2.7A highlights the trans
arrangement of the two SiMe3 substituents.
Table 2.2 lists the important metrical parameters for the ansa-bridged compounds
2.12a, 2.12b and 2.13. The average C-C bond lengths within the Cb ring vary from
1.448(12) Å to 1.472(12) Å, which is comparable to CpCoCb (C-C(Cb) = 1.437(2) Å,
and is representative of a square structure. The average Cb*-Co distance is slightly shorter
than that of the Cp-Co distance (Table 2.2) and is consistent with the solid-state structure
of the parent unsubstituted mixed sandwich complex CpCoCb (Co-C(Cb) 1.96 Å; Co-C(Cp)
2.04 Å).17 The Co-C(Cp) bond distances are slightly elongated (ca. 0.03 Å) in
compounds 2.12b and 2.13 compared with CpCoCb (Table 2.3). The Co-C bond
distances vary by 0.05 - 0.06 Å within the Cp ring and 0.03 - 0.04 Å within the Cb* ring,
with the Co-Cipso bond being the shortest and the Co-C bonds being the longest for both
"

rings.
The tilt angle (") is greater than that of the corresponding SiMe2 bridged
[2]ferrocenophane (2.14; ca. 11.8°) and the cationic disila[2]cobaltoceniumphane
([2.5][PF6]) (ca. 3.6°).5,16 However the value falls short of the crystallographically
characterized cationic [2]cobaltoceniumphanes (24.8° (2.1); 22.9° (2.2); 21.4°
([2.4][Cl]).1-3 This indicates that there is indeed ring strain in derivatives of 2.12 and
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2.13; however, subsequent ring opening to form the corresponding polymers may be
restricted. Both the Cbipso–CH2 and Cpipso–Si bonds are slightly distorted from the plane
of their respective arene rings (# = 3.0 - 4.6, #' = 17.7 - 20.6). The deformation angle (%)
ranges from 164° to 167° and marks a significant bending of the rings in comparison with
CpCoCb, which has an almost linear arrangement (ca. % = 179.5°). In addition, the atoms
involved in the bridge formation display slightly elongated bond lengths; C(6)-C(10) is
longer than the other C(Cb*)-Me bond lengths and E(1)-C(10) (E = Si, Ge) is greater than
the other E(1)-C bonds (Table 2.2, Figures 2.8, 2.9). The tetrahedral geometry is
maintained around the heteroatom E (Si or Ge). Table 2.3 lists the details for X-ray data
collection.

A
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B
Figure 2.7. Two views of the solid-state structure of 2.11 (A, B). Ellipsoids are drawn to
50% probability and the hydrogen atoms have been removed. For the top view (A) all
Co-C bonds have been removed and carbon atoms for only one Cp ring is shown for
clarity. For the front view (B), the other set of carbon atoms for the disordered Cp ring
are removed and the C-C bonds dashed for clarity.
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A

B

66

C

D
Figure 2.8. Two views of the solid-state structure of 2.12a (A, B) and 2.12b (C, D).
Ellipsoids are drawn to 50% probability and the hydrogen atoms have been removed for
clarity. For 2.12b only one of the two crystallographically distinct molecules in the
asymmetric unit is shown. For the top views (B, D) all Co-C bonds have been removed
and the C-C bonds in the Cp ring are dashed for clarity.

67

a

Compound
2.13a

CpCoCb17

2.12a

2.12b

Bond length (Å)
Co-Cpcentroid

1.67
1.68

Co(1)-C(Cp)

2.027(2)

Co(1)-C(Cb*)

1.971(2)

C-C(Cb*)

1.462(3)

C(Cb*)-CH3

1.488(2)

C(6)-C(10)

1.506(2)

Eb(1)-C(10)

1.914(2)

Eb(1)-C(1)

1.883(2)

Eb(1)-C(14)

1.888(2)

Eb(1)-C(15)

1.893(2)

1.67
1.67
1.68
1.68
2.067(8)
2.070(8)
1.979(8)
1.968(8)
1.472(12)
1.448(12)
1.475(12)
1.510(12)
1.508(11)
1.507(12)
1.975(9)
1.976(9)
1.944(8)
1.944(8)
1.968(9)
1.957(9)
1.953(9)
1.941(9)

1.66

Co-Cbcentroid

1.67
1.67
1.68
1.68
2.067(3)
2.067(3)
1.973(2)
1.973(2)
1.457(4)
1.457(3)
1.490(4)
1.492(4)
1.511(4)
1.506(4)
1.904(3)
1.908(3)
1.878(3)
1.876(3)
1.868(3)
1.855(3)
1.860(3)
1.864(3)

Bond angles (º)
"
#
#'
%
(

15.9
4.6
20.6
163.7
22.0

16.8, 16.9
4.0, 3.4
19.1, 19.1
166.7, 166.5
18.9, 17.2

16.2, 15.9
3.0, 3.1
17.7, 20.4
167.1, 167.3
17.9, 21.3

179.5
-

a

1.68
2.036(9)
1.964(2)
1.437(2)
-

Crystallographic parameters are listed separately for both molecules in the asymmetric unit. bE = Si or Ge.

Table 2.2. Selected bond lengths and angles for compounds 2.11-2.13 compared with the
parent complex 2.9.
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A

B
Figure 2.9. Front view (A) and top view (B) of the solid-state structure of 2.13.
Ellipsoids are drawn to 50% probability and the hydrogen atoms have been removed for
clarity. Only one of the two crystallographically distinct molecules in the asymmetric unit
is shown. For the top view (B) all Co-C bonds have been removed and the C-C bonds in
the Cp ring are dashed for clarity.
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Empirical
formula
Formula
weight
Crystal
system
Space group
a (Å)
b (Å)
c (Å)
# (º)
! (º)
$ (º)
V (Å3)
Z
Dc (Mg m-3)
µ (mm-1)
Observed
reflections
Datarestraintsparameters
R
indices
[I>2)(I)]a,b
R indices (all
data)a,b

2.11
C19H33Co1Si2

2.12a
C19H29Co1Si1

2.12b
C15H21Co1Si1

2.3
C15H21Co1Ge1

376.56

344.44

288.34

332.84

Monoclinic

Monoclinic

Triclinic

Triclinic

P2(1)
9.512(2)
10.169(2)
12.069(2)
90
110.57(3)
90
1093.1(4)
2
1.144
0.891
4226

P2(1)/c
12.893(8)
17.481(4)
8.291(2)
90
103.99(3)
90
1813.9(6)
4
1.261
1.005
7821

P-1
8.098(1)
8.956(1)
20.885(3)
87.957(2)
86.552(2)
77.611(2)
1476.4(3)
4
1.297
1.221
12352

P-1
8.0752(6)
8.9682(7)
20.984(2)
88.078(5)
86.633(5)
77.091(5)
1478.4(2)
4
1.495
3.132
13802

4226 - 1 - 189

4163 - 0 - 197

6618 - 0 - 317

6172 - 0 - 317

0.054, wR2 = 0.035, wR2 = 0.036,
0.113
0.095
0.117
0.075, wR2 = 0.040, wR2 = 0.040,
0.126
0.099
0.119

wR2
wR2

= 0.063,
0.171
= 0.102,
0.190

wR2

=

wR2

=

a

R(F) = !| |Fo|" |Fc| |/!|Fo|; wR(F2) = [!w(Fo2 " Fc2)2]1/2; S = [!w(Fo2 " Fc2)2/(n " p)]1/2 (n = no. of
data; p = no. of parameters varied.b w = 1/[#2(Fo2) + (aP)2 + bP] where P = (Fo2 + 2Fc2)/3 and a and b are
constants suggested by the refinement program.

Table 2.3. X-ray data for compounds 2.11, 2.12a, 2.12b and 2.13.
2.2.4. Thermal Analysis
Strained ansa-bridged complexes exhibit an endotherm for melting and an
exotherm for ring opening in the Differential Scanning Calorimetry (DSC) thermogram.
The melting point of complexes 2.12a (62 °C) and 2.12b (59 °C) was determined by
DSC, however, no exotherm for ring opening was observed. Thermal Gravimetric
Analysis (TGA) determined decomposition temperatures and onset of decomposition was
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found to be 130 °C for 2.12a and 149 °C for 2.12b. Repeated heating and cooling cycles
of 2.12b below the decomposition temperature confirmed only a melting transition
(Figure 2.10). Thermal analysis of these compounds suggests that thermal ROP will
likely not be an option for polymerization.

Figure 2.10. DSC thermogram showing repeated heating cycles of 2.12b.
2.2.5. Cyclic Voltammetry
Cyclic voltammogram of compound 2.12b (Figure 2.11A) shows an
electrochemically irreversible behaviour with two anodic peaks. This is in contrast to the
reversible one electron oxidation observed in CpCoCb* and Cp*CoCb* complexes, and
similar to the redox behaviour of other Cb*Co complexes where the cyclopentadienyl
ligand is replaced by P or N five-membered heterocycles.8 Based on the literature data,
the first oxidation E°'0/+ = 0.26 V (vs Fc) is attributed to the formation of the
monocationic species or the Co(I)/Co(II) redox couple. The second anodic peak could be
a result of oxidation of the by-product formed from the decomposition of the unstable
monocation. Figure 2.11B demonstrates the Differential Pulse Voltammogram of 2.12b
and confirms the presence of two anodic peaks. This data shows that the redox behaviour
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of the parent mixed sandwich complex CpCoCb* changes on the formation of an ansabridged structure.

A

B
Figure 2.11. (a) Cyclic Voltammogram of SiMe2-bridged [2]cobaltoarenophane (2.12b)
recorded at a platinum electrode (embedded in a glass tube) in an CH3CN solution (6.0 x
10-3 M); [NBu4][ClO4] (0.11 M) supporting electrolyte. Scan rate of 0.1 V s-1. Sample
was prepared in the glove box to exclude any O2 or H2O from the atmosphere. (b)
Differential Pulse Voltammogram under the same conditions.
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2.3. Ring Opening Attempts
2.3.1. With Anionic/Nucleophilic Reagents
Based on the X-ray data 2.12b appears to be slightly more strained than 2.12a
since the tilt angle is slightly greater. Therefore, we have based studies for ring opening
on the SiMe2-bridged [2]cobaltoarenophane. As the thermal analysis of 2.12b, did not
show any evidence of ring opening, further studies were not carried on for thermal ROP.
Our initial attempts with anionic ROP using nucleophiles such as MeLi, nBuLi and sBuLi
did not result in any reactivity (Scheme 2.7). Therefore, stoichiometric ring opening
reactions were attempted at room temperature and at elevated temperatures, in order to
get some insight into the reactivity of these compounds. Proton NMR spectra were
recorded at regular time intervals and showed only unreacted compound at room
temperature. The reaction with MeLi was followed in more detail due to the simplicity of
the NMR spectrum (Scheme 2.7).

No Reaction

Anionic ROP
MeLi / nBuLi / sBuLi

Co

CH2
SiMe2

Stoichiometric
4 MeLi

?

Scheme 2.7. The reaction of 2.12b with anionic/nucleophilic reagents.
Heating 2.12b at 60 °C with 4 stoichiometric equivalents of MeLi (1 M solution
in Et2O) in C6D6 led to some changes in the 1H NMR spectrum (Figure 2.13). It should be
noted that almost no change was observed when only one equivalent of MeLi was used,
an excess was required for the reaction to proceed to completion. From the reaction
progress (Figure 2.13) it can be said that the reaction proceeds rather slowly and takes
over 8.5 d for completion. No drastic colour change was observed during the reaction.
Based on the reactivity of ferrocenophanes with nucleophiles,18 we would expect
the nucleophile to attack at the silicon centre (compound 2.12b) and subsequently open
the bridge either at position 1 or 2 (Figure 2.12) giving 2.16 or 2.17, respectively. In
either case, a singlet for 9 protons corresponding to the SiMe3 group and two pseudo
triplets for the Cp ring would be expected.
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Co

CH2
2
SiMe2
1

Co

CH2 Li

Co

2.16

Co

CH2
SiMe2
Me

Li

SiMe3

2.12b

CH2 SiMe3

2.17

Li

2.18

Figure 2.12. Proposed structure of the product from the reaction of 2.12b with MeLi.
C(11), C(13)
Me (Cb*)

C(12)
C(13)
Co

C(12)
Me (Cb*)

CH2
SiMe2

2.12b

SiMe2

C(11)

CH2

1.5 d, 2.12b + MeLi

7.5 d, 2.12b + MeLi

8.5 d, 2.12b + MeLi

Figure 2.13. In situ 1H NMR spectrum showing the progress of the reaction between
2.12b and MeLi (1 M solution in Et2O) form top to bottom. Portions of the spectrum
between 0.8-1.4 ppm and 2.2-4.2 ppm have been removed to eliminate the Et2O present
in the reaction mixture and for more clarity. The peaks highlighted with the purple block
belong to some unknown impurity. The red dotted line shows the upfield shift of the two
Me groups (C(11) and C(13)) on the Cb* ring and the blue line marks the downfield shift
of the Me on C(12) (Cb* ring).
As the reaction proceeds, appearance of four new Cp pseudo triplets with equal
integration is observed (Figure 2.13) indicating towards the inequivalence of all the Cp
protons. No signal corresponding to 9 protons is observed, instead a doublet
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corresponding to 3 protons (Me) is observed at 2.0 ppm. The general splitting pattern of
the protons on the Cb* ring remains the same with the Me protons on C(11) and C(13)
being upfield shifted and that on C(12) being downfield shifted. The bridging CH2 and
SiMe2 groups do not show much change in the chemical shifts compared to the starting
compound 2.12b. Based on the in situ NMR data, a nucleophilic attack of the Me- from
MeLi on the Cp ring (Figure 2.12) instead of the Si centre is proposed, leading to the
generation of an anionic ansa-cobalt complex 2.18. However, all efforts to isolate this
species were unsuccessful and so the formation of 2.18 cannot be ascertained with full
confidence. There is literature evidence of nucleophilic attack on the Cp ring in case of
cobaltocene19 but as per our knowledge, there is no precedence of such reactivity in
CpCoCb compounds.
2.3.2. With Cationic/Electrophilic Reagents
Addition of one stoichiometric equivalent of HCl (1 M solution in Et2O) to a
benzene-d6 solution of 2.12b led to decomposition of the compound with the
instantaneous formation of a green precipitate, which gave broad signals in the 1H NMR
spectrum indicating the formation of a paramagnetic Co2+ species. Reaction with
CF3SO3H in CDCl3 also led to instantaneous precipitation and broad signals in the 1H
NMR spectrum.
Kölle, Herberich and co-workers have reported that reaction of CpCoCb* with
protic acids like CF3CO2H leads to the delivery of H+ to the *4-cyclobutadiene ring with
ensuing ring-opening of the Cb* ring to yield the ),*4-butadienyl complex cation [2.19]+
(Scheme 2.8) which was isolated as a BF4- salt.20 Based on this, we think that in our case
also, the electrophile would attack at the Cb* ring, destroying the ansa-bridge and
resulting in the generation of a Co2+ species which would not be stable enough to isolate.

Co
2.9

5 CF3CO2H

Co
2.19

Scheme 2.8. Protonation of the Cb* ring in CpCoCb*.
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2.3.3. With Transition Metal Catalysts
Attempted stoichiometric transition metal insertion reactions of 2.12b with
Pt(PPh3)4, Pt(PPh3)3 and Pt(PEt3)3 did not lead to any change in the 31P{1H} spectra or 1H
NMR spectra implying that insertion of Pt into the Cpipso-Si bond did not occur. This was
not surprising, as there have been no reports of insertion into a C-Si bridged
[2]metalloarenophane

since

they

are

significantly

less

strained

than

[1]metalloarenophanes.
Attempted transition metal catalyzed ROP with Karstedt’s catalyst (10 mol%) in
toluene as well as stoichiometric reaction led to a change in colour of the reaction
mixture from yellow to green in 3 h. Surprisingly, there was no change in the 1H NMR
spectrum of the mixture in either case.
2.3.4. With Photolysis
Attempted photolytic ROP, as well as stoichiometric reactions with LiCp (anionic
initiator) gave no evidence of ring opening or ring slippage.

Co

CH2

+ Ph2P

SiMe2

PPh2

h!
THF, 5 oC to RT

Ph2P

Co

CH2
SiMe2

PPh2
2.12b

2.20

Scheme 2.9. Attempted Cp ring slippage for 2.12b under photolytic conditions.
Reactions in an attempt to understand if ring slippage occurs in these isoelectronic
[2]cobaltoarenophanes

(similar

to

ferrocenophanes)

were

also

tried

with

bis(diphenylphosphino)ethane, trimethylphosphine and Et3N in THF under photolytic as
well as thermal conditions and the progress of the reaction checked by 31P{1H} NMR or
1

H NMR spectroscopy. The production of a ring slippage product such as 2.20 was not

observed in any case (Scheme 2.9).
2.4. Increasing the Ring Strain
The structural parameters as well as the experimental evidence proves that the
ring strain in the SiMe2-bridged [2]cobaltoarenophanes is not sufficient and the energy
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requirement for the bending of the two arene rings is not high and as a result, these
compounds do not ring open. In order to increase the ring strain in these
cobaltoarenophanes, two pathways were explored: changing the bridging element and
decreasing the number of bridging atoms.
2.4.1. Changing the Bridging Element
It has been shown in the case of ferrocenophanes that the tilt angle (") or the ring
strain increases as the size of the bridging element decreases.16 The [2]ferrocenophanes
with silicon as the bridging element do not polymerize but when the bridging element is
changed to phosphorus or sulfur, they were found to undergo ROP.14 Keeping this in
mind,

the

dilithiated

metallocene

(2.10)

was

reacted

with

PhPCl2

and

bis(phenylsulfonylsulfide) S(SO2Ph)2 (prepared from the reaction of NaSO2Ph with
SCl2)21 (Scheme 2.10) respectively. However, in both cases, an intractable mixture of
compounds was obtained based on 1H NMR spectroscopy.

Co

CH2Li
Li

2.10

pmdeta

PhPCl2 / S(SO2Ph)2

Co

- 2 LiCl / LiSO2Ph
- pmdeta

CH2
ER

ER = PPh, S

Scheme 2.10. Attempted synthesis of [2]cobaltoarenophanes with larger bridging atoms.
Major problems associated with the dilithiation route are listed as follows:
1. Presence of the starting material CpCoCb* after the reaction: This is mainly attributed
to the abstraction of protons by the dilithiated species 2.10 from the solvent. In order to
test this hypothesis, 2.10 was stirred in various solvents; n-hexane, n-pentane and Et2O
for 30 min and the solvent removed in vacuo. The residue was then tested by 1H NMR
spectroscopy, which revealed the formation of parent mix sandwich species 2.9. Also,
increased amounts of 2.9 were observed in ethereal solvents.
2. Release of pmdeta after the metathesis reaction: One equivalent of pmdeta (released
after the reaction), is difficult to remove from the reaction mixture due to its high boiling
point (198 °C). Since basic impurities move faster on a basic alumina column, the crude
product was filtered through a short basic alumina column and the initial colourless
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eluent was discarded. In some cases however, complete removal of pmdeta was still not
possible.
3. The mixed sandwich 2.9, as well as the [2]cobaltoareophanes have similar physical
properties; their volatility and high solubility in all common organic solvents such as npentane, n-hexane, benzene, Et2O, DCM and CH3CN, makes their separation difficult.
4. The yields, in general are low and the reactions get intractable if ethereal solvents are
employed. More mixed sandwich 2.9 is produced in polar solvents due to proton
abstraction from the solvent by the dilithiated species 2.10. So, the reaction solvents are
limited to non-polar solvents such as n-hexane and n-pentane.
A combination of all the factors listed above made it impossible to isolate any other
derivatives of [2]cobaltoarenophanes.
2.4.2. Decreasing the Number of Bridging Atoms
The [1]ferrocenophane (2.15) is much more strained than the [2]ferrocenophane
(2.14) and has a much higher tilt angle.16 So, it is anticipated that [1]cobaltoarenophane
would have a much larger ring strain compared to the [2]cobaltoarenophane. Although
various polysubstituted CpCoC4R4 complexes can be easily prepared, the unsubstituted
parent metallocene, (cyclopentadienyl)cobalt(cyclobutadiene) (CpCoCb) required to
prepare a [1]cobaltoarenophane via the dilithiation route (Scheme 2.11) is a synthetic
challenge (CpCoCb synthesis is discussed in Chapter 1).

Co

3 nBuLi
pmdeta

Li
Co

pmdeta
Li

R2SiCl2
- 2 LiCl

Co

SiR2

Scheme 2.11. Proposed synthesis of [1]cobaltoarenophane.
The synthesis of CpCoCb from the desilylation of CpCoCb' (Cb' = C4(SiMe3)4)
(2.21) using tetrabutylammonium fluoride (TBAF) was attempted, where CpCoCb' was
prepared by the reaction of bis(trimethylsilyl)acetylene (BTMSE) with CpCo(CO)2
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(Scheme 2.12).11,22,23 The CpCoCb' could only be obtained in a very low (3%) yield†
which could then be desilylated in a 15% yield to give the unsubstituted CpCoCb;
however, the low yield and the presence of other impurities render this route inapplicable.

Co
OC

+ Me3Si C C SiMe3
CO

p-Xylene
reflux

Me3Si
Me3Si

SiMe3
SiMe3 TBAF
Co
DMSO

Co

2.21

Scheme 2.12. Synthesis of CpCoCb from the desilylation of 2.21.
Synthesis of cis and trans CpCoC4H2Ph2 complexes (2.22) (Scheme 2.13) was
also undertaken.24 Upon dilithiation of 2.23 in n-hexane with nBuLi and pmdeta, brown
solids were obtained but after reaction with Me2SiCl2 or SiMe3Cl only starting material
was obtained each time, which could be due to the high instability or reactivity of the
dilithiated species which quickly reverts back to the starting material by protonation.

p-Xylene
Co + 2 Me3Si C C Ph
150
- 160 oC
OC
CO
26 h

Me3Si
Ph

Ph

Me3Si
SiMe3 Me3Si
Co
+
trans

70 - 80%
2.22

Ph
Co

Ph

cis

DMSO
TBAF
70 oC, 24 h
Ph

Ph

Ph
Co
trans

Co
75 - 80%
2.23

Ph

cis

Scheme 2.13. Synthesis of cis and trans CpCoC4H2Ph2 complexes.

†

The low yield is attributed to the use of less BTMSE (10 equivalents) owing to the expense of the
chemical. Literature procedure uses 25 equivalents of BTMSE and the reaction is done with neat chemicals
in order to suppress the formation of other by products.
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2.5. Proposal for Alternative Synthesis of [1]Cobaltoarenophane
To avoid the dilithiation route, we began exploring new methods for the synthesis
of [1]cobaltoarenophanes. Alkyne dimerization at the Co(I) centre is the most widely
used method for the synthesis of CpCoC4R4 compounds where R is mostly an aryl group
(Chapter 1). In order to exploit this reactivity for the synthesis of [1]cobaltoarenophanes,
a synthetic route was proposed (Scheme 2.14) where an alkyne-appended
cyclopentadienyl ligand 2.24 would be utilized to prepare half sandwich Co(I)
compounds of type 2.25 where the alkyne moiety is coordinated to the cobalt. Addition of
a second alkyne R'C2R+ would then lead to the formation of a cyclobutadiene ring and a
[1]cobaltoarenophane with a single atom E (E = Si, Ge, Sn) in the bridge.

Co
Ph
R''

EMe2
R'

OC

Co

EMe2 + R''

R'

M

Ph
2.25

E

Ph + XCoI

E = Si, Ge, Sn
2.24

Scheme 2.14. Proposed synthesis of a [1]cobaltoarenophane.
It is anticipated that a [1]cobaltoarenophane would be far more strained than a
[2]cobaltoarenophane and would be difficult to isolate. Also, the lack of any such species
in the literature points towards the synthetic challenge. In this context, Chapter 3 deals
with the synthesis of alkyne-appended Cp ligands with different bridging elements E and
the reactivity of these ligands is discussed in Chapters 4 and 5.
2.6. Conclusions
Compounds 2.12 and 2.13 are the first examples of neutral, late metal
metalloarenophanes incorporating a group 9 transition metal. The synthesis of 2.12 and
2.13 has been achieved via dilithiation of CpCoCb* where the methyl (Cb*) has been
deprotonated for the first time. However, the ring strain in the reported
[2]cobaltoarenophanes is not enough for ring opening. The incorporation of a smaller
bridging element to increase the ring strain has not been successful. Decreasing the
number of bridging elements may lead to higher tilt angles and ring strain, which may
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subsequently lead to ring opening, giving rise to a new class of metallopolymers. In this
regard, an alternative approach to the synthesis of [1]cobaltoarenophanes has been
proposed, in order to get away from the dilithiation route.

2.7. Experimental
2.7.1. Materials
Aluminium chloride, 2-butyne, nBuLi (1.6 M solution in hexanes), MeLi (1.6 M solution
in diethylether), sBuLi (1.4 M solution in cyclohexane), HCl (1 M in diethylether) and
bis(diphenylphospino)ethane were purchased from Aldrich Chemical Company and used
as received. Dicobaltoctacarbonyl and K2PtCl4 were purchased from Strem Chemicals.
Dichlorodimethylsilane and dichlorodiisopropylsilane were purchased from Fluka
Chemical Company, dried over CaH2, distilled prior to use and stored in the glove box.
Pentamethyldiethylenetriamine (pmdeta) was purchased from Aldrich Chemical
Company, stirred over KOH, then dried over CaH2 and distilled prior to use.
Triphenylphosphine, PEt3 and PMe3 were obtained from Aldrich Chemical Company and
PEt3 and PMe3 were distilled prior to use. Triflic acid was obtained from Alfa Aesar.
Karstedt’s Catalyst (Platinum divinyltetramethyldisiloxane complex in xylene, 2.1-2.4%
Pt concentration) was obtained from Gelest Chemical Company and used as received.
Dicyclopentadiene was purchased from Aldrich Chemical Company and freshly cracked
to give cyclopentadiene. Lithium cyclopentadienide, Cb*Co(CO)2I and CpCoCb* were
prepared using modified literature methods.8 Pt(PP3)4, Pt(PPh3)3 and Pt(PEt3)3 were
prepared by literature procedures.25,26
2.7.2. Synthesis
Synthesis of 2.9 (CpCoCb*): To a solution of Cb*Co(CO)2I (3.35 g, 9.57 mmol; nhexane 150 mL) was added two equivalents of LiCp (1.38 g, 19.14 mmol; THF, 25 mL)
(prepared by the addition of nBuLi to freshly cracked cyclopentadiene at 0 °C) at -10 °C.
The reaction mixture was then refluxed at 40 °C for 2 h under a nitrogen atmosphere. The
colour of the reaction mixture fades from dark orange to yellow with the formation of a
white precipitate (LiI). The reaction mixture was then filtered under N2 and the solvent
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was removed in vacuo. The solution was cooled to -20 °C after removal of approximately
100 mL of solvent to prevent loss of the required compound in vacuo. The resulting
solids were then purified by sublimation under static vacuum giving CpCoCb* in 70-80%
yield. It should be noted that the synthesis fails in n-hexane alone. Also, if only THF is
used or if THF is used in greater quantity than specified, the isolated yield falls to as low
as 40%.
1

H NMR (CDCl3, % (ppm)): 1.5 (Me(Cb*)), 4.5 (Cp).

13

C{1H} NMR (CDCl3, % (ppm)): 10.8 (Me(Cb*)), 74.8 (Cb*), 80.0 (Cp).

Synthesis of 2.10: To a stirred solution of freshly distilled pmdeta (2.70 mL, 13 mmol; nhexane, 30 mL) and nBuLi (8.0 mL, 13 mmol; 1.6 M in n-hexane) was added a solution
of freshly sublimed CpCoCb* (1.00 g, 4.31 mmol; n-hexane, 30 mL) at RT. The reaction
mixture was stirred at room temperature for 16-20 h, after which the precipitate was
allowed to settle. The supernatant solution was removed and the precipitate was washed
with n-hexanes (2 x 20 mL) followed by n-pentane (5 x 15 mL) until no visible color was
extracted into the n-pentane layer. The light brown solid was dried for 18 h in vacuo to
give (%4-Me3C4CH2Li)Co(%5-C5H4Li)•pmdeta (2.10).
Yield 1.19 g, 66%.
1

H NMR (C5D5N, % (ppm)): 1.66 (s, 6H, CH3(Cb*), 1.78 (s, 6H, CH3(Cb*), 2.19 (s, 12H,

N(CH3)2(pmdeta), 2.26 (s, 3H, NCH3(pmdeta), 2.42 (t, 4H, CH2(pmdeta), 2.54 (t, 4H,
CH2(pmdeta), 2.65 (s, 2H, CH2Li), 4.68 (s, 5H, Cp).
13

C{1H} NMR could not be obtained because the compound decomposes in solution

during the acquisition time.
EA (C22H38N3Co1Li2) (found/calculated): C (63.20/63.32), H (8.78/9.18), N (9.41/10.07).
Synthesis of 2.11: To a solution of 2.10 (0.50 g, 1.20 mmol; n-hexane, 25 mL) was added
a solution of SiMe3Cl (0.76 mL, 6 mmol; n-hexane, 10 mL) at -45 °C. The reaction
mixture was allowed to warm to 5 ºC and then quickly filtered through a plug of celite
and neutral alumina (alumina below celite) under nitrogen. The colourless eluent (nhexane) that came first was discarded. The crude solids were washed with n-hexane till
the washings were colourless. The washings were also filtered through celite/neutral
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alumina and collected in a separate flask. The volatiles were removed from the filtrate in
vacuo. The oily compound obtained was further purified by sublimation. The compound
is a liquid at RT but since the cold finger was kept at -20 ºC, solid compound sublimed
onto the cold finger. The flask was quickly taken in the glove box and the sublimed
compound was isolated. X-ray quality crystals were grown from a saturated solution of
2.11 in n-pentane at -30 °C.
Yield: 0.175 g, 39%.
1

H NMR (C6D6, % (ppm)): 0.03 (s, 9H, CH2Si(CH3)3), 0.34 (s, 9H, Si(CH3)3), 1.38 (s,

2H, CH2Si), 1.54 (s, 3H, CH3(Cb*)), 1.56 (s, 6H, CH3 (Cb*), 4.62 (pt, 2H, Cp), 4.65 (pt,
2H, Cp).
13

C{1H} NMR (C6D6, % (ppm)): -0.5 (CH2Si(CH3)3), 1.0 (Si(CH3)3), 11.8 (CH3(Cb*)),

12.4 (CH3(Cb*)), 17.2 (CH2Si), 73.6 (Cb*), 74.6 (Cb*), 79.4 (Cb*ipso), 84.9 (Cpipso), 85.2
and 85.4 (Cp and Cp ).
"

29

#

Si NMR (C6D6, % (ppm)): 0.0 (CH2SiMe3), -6.0 (SiMe3).

ESI-MS (m/z, %): M+ (337, 100%).
HRMS (ESI) for C19H34Si2Co (found/calculated): (377.151/377.153).
Synthesis of 2.12a/b: To a solution of 2.10 (0.50 g, 1.20 mmol; n-hexane, 80 mL) was
added an n-hexane (60 mL) solution of R2SiCl2 (2.12a: R = iPr, 0.216 mL, 1.20 mmol;
2.12b: R = Me, 0.145 mL; 1.20 mmol) dropwise at -40 °C. The reaction mixture was
stirred at -30 °C for 3 h, warmed to 10 °C then filtered through celite. The volatiles were
removed from the filterate in vacuo. Crystals were grown from a saturated solution of
2.12a in n-pentane at -30 °C and by Et2O/n-hexane vapour diffusion for 2.12b at -30 °C.
2.12a: Yield: 0.132 g, 20%. MP: 62 °C.
1

H NMR (C6D6, % (ppm)): 1.17 (d, 6H, CH(CH3)2, 1J = 7.8 Hz,), 1.22 (d, 6H, CH(CH3)2,

1

J = 7.8 Hz), 1.37 (overlapping singlet/septet, 5H, CH3(Cb*) and (CH3)2CH), 1.67(s, 2H,

CH2Si), 1.77(s, 6H, CH3(Cb*)), 4.98 (pt, 2H, Cp), 5.06 (pt, 2H, Cp).
13

C{1H} NMR (C6D6, % (ppm)): 10.83 and 10.78 either (CH3(Cb*)) or (CH2Si) (A

definitive assignment cannot be made from 1-D or 2-D NMR spectroscopic techniques),
11.4 (CH3(Cb*)), 14.0 ((CH3)2CH), 18.6 ((CH3)2CH), 18.7 ((CH3)2CH), 72.6 (Cb*), 77.0
(Cb* and Cb*ipso), 79.9 (Cpipso), 82.6 (Cp ), 88.2 (Cp ).
#

"
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29

Si NMR (C6D6, % (ppm)): 8.5.

EI-MS (m/z, %): M+ (344 100%).
2.12b: Yield: 0.076 g, 22%. MP: 59 °C.
1

H NMR (C6D6, % (ppm)): 0.35 (s, 6H, (CH3)2Si), 1.37 (s, 3H, CH3(Cb*)), 1.55 (s, 2H,

CH2Si), 1.75 (s, 6H, CH3 (Cb*), 4.96 (pt, 2H, Cp), 5.04 (pt, 2H, Cp).
13

C{1H} NMR (C6D6, % (ppm)): 0.2 (CH3Si), 10.9 (CH3(Cb*)), 11.4 (CH3(Cb*)), 16.5

(CH2Si), 72.7 (Cb*), 76.7 (Cb*ipso), 77.1 (Cb*), 82.5 (Cp ), 83.0 (Cpipso), 87.4 (Cp ).
#

29

"

Si NMR (C6D6, % (ppm)): 1.3.

EI-MS (m/z, %): M+ (288, 63%), M+ -CH3 (273, 100%)
Satisfactory elemental analysis could not be achieved even from single crystals. The
extreme solubility of both 2.12a and 2.12b in all organic solvents prevented the effective
washing of the bulk powder or single crystals. Furthermore, 2.12a and 2.12b readily
sublime at RT, therefore precluding the efficient drying of bulk material in vacuo.
Synthesis of 2.13: To a solution of 2.10 (0.67 g, 1.61 mmol; n-hexane, 20 mL) was
added a solution of Me2GeCl2 (0.187 mL, 1.61 mmol; n-hexane, 2.5 mL) at -30 °C. The
cold bath was removed after addition and the reaction mixture was allowed to warm to
RT and then filtered through a plug of basic alumina under nitrogen. The colourless
eluent (n-hexane) that came first was discarded. The crude product was washed with nhexane till the washings were colourless. The washings were also filtered through basic
alumina and collected in a separate flask. The volatiles were removed from the filterate in
vacuo.

The oily compound obtained was further purified by sublimation. First

sublimation was done for 3 h to remove the CpCoCb* (formed during the reaction due to
some hydrolysis of dilithio) as well as pmdeta. Second sublimation was done for 12 h at
RT to obtain the compound 2.13 (Some CpCoCb* was still present). The cold finger was
maintained at -20 ºC. X-ray quality crystals were grown from a saturated solution of 2.13
in n-pentane at -30 °C.
Yield: 0.055 g, 10%.
1

H NMR (C6D6, % (ppm)): 0.46 (s, 6H, (CH3)2Si), 1.37 (s, 3H, CH3(Cb*)), 1.74 (s, 2H,

CH2Si), 1.82 (s, 6H, CH3 (Cb*), 4.91 (pt, 2H, Cp), 5.14 (pt, 2H, Cp).
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13

C{1H} NMR (C6D6, % (ppm)): 0.0 (CH3Ge), 10.8 (CH3(Cb*)), 11.6 (CH3(Cb*)), 19.2

(CH2Ge), 71.7 (Cb*), 77.3 (Cb*), 81.3 (Cp ), 82.0 (Cb*ipso), 86.9 (Cp ), 90.1 (Cpipso).
#

"

ESI-MS (m/z, %): M+ + Na (357, 100%).
HRMS (EI) for C15H21GeCoNa (found/calculated): (353.010/353.011) (Mass Spec was
done in the presence of NaI and it does not work in its absence).
Attempted stoichiometric ring opening reactions
(a) With nucleophiles: 0.01 g (0.035 mmol) of 2.12b was taken in a J-Young NMR tube
and dissolved in 0.6 mL benzene-d6. Four equivalents of MeLi (0.088 mL) were added to
the tube. The NMR tube was then immersed in oil bath and heated at 60 °C and 1H NMR
spectra recorded at regular time intervals for 9 days.
(b) With protic acids: 0.01 g (0.035 mmol) of 2.12b was taken in two NMR tubes each
and dissolved in 0.6 mL benzene-d6. Addition of HCl.Et2O (0.035 mL) and CF3SO3H
(0.003 mL) resulted in instantaneous precipitation and formation of paramagnetic
material, which was not further characterized, and there was no evidence for the
formation of ring opened compound.
(c) With transition metal compounds: 0.01 g (0.035 mmol) of 2.12b was taken in three
NMR tubes each and dissolved in 0.6 mL benzene-d6. Addition of equimolar amounts of
Pt(PPh3)4 (0.031 g), Pt(PPh3)3 (0.022 g) and Pt(PEt3)3 (0.004 g) to the NMR tubes,
respectively did not show any change in

31

P{1H} and 1H NMR spectra and prolonged

heating at 60 °C for 3 days led to decomposition of the compound.
Attempted ring opening polymerizations
(a) Transition metal catalyzed ROP: 0.01 g (0.035 mmol) of 2.12b was reacted with
Karstedt’s catalyst (0.006 mL, 0.0035 mmol of Pt) in 1 mL toluene. The reaction mixture
turned from yellow to green in 2 h. The solvent was removed under vacuum and the 1H
NMR recorded, where no change in the 1H NMR spectrum was observed.
(b) Photolytic ROP: 0.02 g (0.069 mmol) of 24b was taken in a quartz schlenk tube,
dissolved in 1 mL THF and 0.0005 g (0.0069 mmol) of LiCp was added to it. The
reaction mixture was irradiated with 350 nm light at 5 °C for 5.5 h after which 1 mL of
degassed MeOH was added to it and the resulting mixture stirred for 30 min. The solvent
was removed under vacuum and a yellow solid was obtained. Proton NMR spectra of the
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compound revealed only unreacted starting material. The reaction was also attempted at
room temperature with 254 nm light but in every case ring opening did not occur.
Attempted ring slippage reactions
Stoichiometric reactions of 2.12b with bis(diphenylphosphino)ethane and PMe3 in THF
at 5 °C under photochemical conditions did not show any change in

31

P{1H} NMR

spectra. The temperature was then increased to room temperature and the reaction
mixture was photolyzed overnight but no change in 31P{1H} NMR spectra was recorded.
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Chapter 3
Synthesis of Alkyne-Appended Cyclopentadienyl Ligands†
3.1. Introduction
Cyclopentadienyl (Cp) ligands are ubiquitous in organometallic chemistry as they
form a variety of different complexes with most of the transition metals. Various
functional groups have been attached to the Cp ring, such as phosphines,1-3 amines,4-6
carboxylates,7,8 ether,9 thioether,10 as well as directly linked heteroatoms including
numerous p-block elements11,12 and transition metals.13 In many cases, the substituents
are attached to the ,-ligand framework early on during the ligand synthesis, prior to
complexation of the central metal. The attachment of various types of alkenyl
substituents continues to be of considerable interest, since it allows for the development
of organic functional group chemistry at the framework of the pre-assembled metallocene
systems. This includes addition reactions,14 carbon-carbon coupling reactions at the
metallocene backbone resulting in the formation of ansa-metallocenes by intramolecular
olefin metathesis,15,16 photochemical [2+2] cycloaddition reactions,17,18 or by a Mannich
type reaction.19 However, there are very few rare examples of metallocenes with alkyne
susbtituted cyclopentadienyl ligands, mostly prepared by post-modification of the ligand
framework after being attached to the metal.20-22 In this regard, we report here the
synthesis of some alkyne-appended cyclopentadienyl ligands, where the alkyne fragment
is attached to the cyclopentadiene through a heteroatom bridge, such as Si, Ge and Sn.
3.2. Results and Discussion
3.2.1. Silicon Substituted CpSiMe2C2R Ligands (R = Ph, C3H7)
The 1:1 stoichiometric reaction of LiCp with Me2SiCl2 at -40 °C in THF resulted
in the in situ generation of CpSiMe2Cl. The reaction mixture was allowed to stir for 3-4
h, while warming slowly to room temperature. The reaction mixture was cooled again to

†

A part of this work has been published: Chadha, P.; Dutton, J. L.; Ragogna, P. J. Can. J. Chem. 2010, 88,
1213-1221. Jason L. Dutton solved the disordered solid-state structure for compound 3.4.
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-40 °C, one stoichiometric equivalent of lithium acetylide (LiC2Ph or LiC2C3H7) was
added (Scheme 3.1) and the reaction stirred for 15 h. The solvent was then removed in
vacuo and the solids washed with n-pentane and filtered. The filtrate was concentrated
resulting in the formation of a yellow-orange oil.

Me2SiCl2

1. LiCp, THF, -40 0C

R

Si

2. LiC2R, THF, -40 0C

nBuLi or
KN(SiMe3)2

n-Hexane
-30 0C

R = Ph (3.1a)
R = C3H7 (3.2a)
Si
R = Ph (3.1b)
R = C3H7 (3.2b)

R

Si

M

Si

R

R = Ph, M = Li (3.3)
R = Ph, M = K (3.4)
R = C3H7, M = Li (3.5)

R

R = Ph (3.1c)
R = C3H7 (3.2c)

Scheme 3.1. Synthesis and deprotonation of the silicon substituted ligands 3.1 and 3.2.
Proton NMR spectroscopy of the crude oil revealed signals consistent with one
major product; however, one broad signal was observed for the Cp protons at room
temperature. Upon lowering the temperature to -20 °C, the Cp protons became resolved
within the NMR spectra and the three expected isomers (3.1a-c and 3.2a-c, respectively)
were detected. The ratio of the three isomers was obtained by 1H NMR spectroscopy at 20 °C. The presence of three isomers is consistent with other silicon substituted Cp
compounds23-26 and was confirmed by 29Si NMR spectroscopy (1H-29Si gHMBC) where
different signals were observed (%Si = -18.6 (3.1a), -25.0 (3.1b and 3.1c); %Si = -20.0
(3.2a), -32 (3.2b), -42 (3.2c)).
The intermediate CpSiMe2Cl generated during the initial reaction of LiCp and
Me2SiCl2 was not isolated as it has a low boiling point (37-40 °C at 7-4.5 Torr),27,28
which hinders its isolation in good yields. The in situ generation of CpSiMe2Cl in a onepot procedure, results in higher yields of 3.1. In an independent recent report by Roewer
and co-workers, where the CpSiMe2Cl was isolated, the yield was 30%,29 whereas our
approach gives a 50% yield.30 Reverse addition of Me2SiCl2 to the LiCp solution leads to
the formation of other unwanted side products, namely Cp2SiMe2.31-33 Traces of
Cp2SiMe2 and (RC2)2SiMe2 (R = Ph, C3H7)34-36 were identified in the crude mixture
resulting from slight variations in the stoichiometry. Further purification was carried out
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by fractional distillation to give the ligand (3.1 and 3.2) in a moderate overall yield
(50%).
The ligands must be pure before attempting the subsequent deprotonation, to
generate the metal salts (3.3-3.5) cleanly. Freshly prepared ligands 3.1 and 3.2 were
either stored at -30 °C or converted to the more stable Li or K salt (3.3,29,30 3.4 and 3.5
respectively) by deprotonation with either nBuLi or KN(SiMe3)2 (Scheme 3.1). Single
crystals were obtained for the potassium salt (3.4) by slow diffusion of n-pentane into a
THF solution of the ligand and X-ray diffraction studies confirmed the expected
connectivity (Figure 3.1).
The solid-state structure of the potassium salt 3.4 shows that the K atom is
sandwiched between two Cp rings and is coordinated by a THF molecule. The interaction
between the K and the Cp rings gives rise to extended zig-zag chain structure,
reminiscent of group 1 metallocenes.2,37,38 The K-Cpcentroid distances are 2.81 Å, 2.82 Å,
the Cpcentriod-K-Cpcentriod angle is 138.0º, the K-K-K angle is 138.5° and the K-Cpcentroid-K
angle is 173.2°, which are indicative of a formal coordination number of 8 for each K
atom.38 This suggests an interaction with the alkyne filling the eighth coordination site
(K-C8 = 3.406(3) Å). A similar interaction was observed for an appended alkene moiety;
however, the interaction was slightly weaker (3.58(3) Å).38 Details of X-ray data
collection are listed in Table 3.1.

90

Figure 3.1. Extended solid-state structure of 3.4. Thermal ellipsoids are drawn to the
50% probability level and hydrogen atoms are removed for clarity. The THF molecule is
disordered with the four carbon atoms occupying two different positions of 50%
occupancy each. Only one set of carbon atoms is shown here.
3.2.2. Germanium Substituted (C5R4H)GeMe2C2Ph Ligands (R = H, Me)
3.2.2.1. Synthesis of CpGeMe2C2Ph Ligand
Following a similar reaction scheme as for the silicon substituted ligands, a 1:1
stoichiometric reaction of the dihalide Me2GeCl2 with LiCp, resulted in the in situ
generation of CpGeMe2Cl (3.6a)39-41 and unwanted disubstituted Cp2GeMe2 (3.6b)42,43
(Scheme 3.2). Further treatment of this mixture with one stoichiometric equivalent of
LiC2Ph resulted in the formation of desired product CpGeMe2C2Ph (3.6) and unwanted
disubstituted (PhC2)2GeMe2 (3.6c),44 where 3.6c was generated due to the presence of
unreacted Me2GeCl2 in the reaction mixture from the first step (Scheme 3.2). The
disubstituted by-products 3.6b and 3.6c; generated in a 2:1:1 (3.6a : 3.6b : 3.6c) ratio,
proved very difficult to be separated from the desired product CpGeMe2C2Ph (3.6) by
column chromatography or fractional distillation (due to the close range of boiling points;
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ca. B.P.(3.6b) = 266 ± 50 °C,† B.P.(3.6) = 320 ± 50 °C at 760 Torr¶). Pure samples of
CpGeMe2C2Ph could be obtained in very low yields (4%) after repeated fractional
distillation. Isolation of the in situ generated CpGeMe2Cl (3.6a) was also attempted but
the disubstituted Cp2GeMe2 (3.6b) and the halide CpGeMe2Cl (3.6a) (BP = 212 ± 20 °C
at 760 Torr)† proved very difficult to separate by fractional distillation, again resulting in
very low isolated yield (6%). Proton NMR spectrum of 3.6 exhibited the presence of only
one isomer, unlike the silicon substituted species 3.1 and 3.2.

Me2GeCl2

LiCp
THF, -78 0C

Cl + (x)

Ge

(1-2x)

3.6a

+ (x) Me2GeCl2

Ge
3.6b
LiC2Ph
THF, -78 0C

(1-2x)

Ph

Ge

+

Ph

Ge

(x) Ph

3.6

3.6c

Scheme 3.2. Synthesis of the germanium substituted ligand 3.6 (x denotes a fraction of
1).
Compound 3.6 was deprotonated using lithium diisopropylamide (LDA) and
characterized by X-ray crystallography (Scheme 3.3). Use of a non-nucleophilic base
such as LDA was important, otherwise resulting in the cleavage of the Ge-Cp bond.

Ge
3.6

Ph

LDA
n-Hexane
8h

Li

Ge

Ph

3.7

Scheme 3.3. Deprotonation of germanium substituted ligand 3.6.
The solid-state structure of 3.7 (Figure 3.2) shows an extended linear chain
structure as opposed to the zig-zag chain for 3.4, due to the Li atom being sandwiched
†

These values have been taken from Scifinder and are reported as calculated values using Advanced
Chemistry Development (ACD/Labs) Software V11.02 (© 1994-2011 ACD/Labs).
¶
Value taken from present work. The range is broad due to the inefficieny in separation of these
compounds. Also, dimerization is a common phenomena in Cp compounds and usually the distillation is
accompanied with a prior cracking process, also resulting in distillation over broad temperature range.
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between two Cp rings.37 The Li-Cpcentroid distance is 1.97 Å, the Cpcentriod-Li-Cpcentriod
angle is 176.8º, the Li-Li-Li angle is 176.8° and the Li-Cpcentroid-Li angle is 179.1°, which
are indicative of a formal coordination number of 6 for each Li atom. No interaction of
the metal with the alkyne was observed. Details of X-ray data collection are listed in
Table 3.1.

Figure 3.2. Extended solid-state structure of 3.7. Thermal ellipsoids are drawn to the
50% probability level and hydrogen atoms are removed for clarity.
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Empirical formula
Formula weight
Crystal system
Space group
a (Å)
b (Å)
c (Å)
! (º)
V (Å3)
Z
Dc (Mg m-3)
µ (mm-1)
Observed reflections
Data-restraints-parameters
R indices [I>2)(I)]a,b
R indices (all data)a,b

3.4
C19H23Si1O1K1
334.56
Monoclinic
P2(1)/c
8.921(2)
21.330(4)
10.523(2)
107.55(3)
1909.1(7)
4
1.164
0.341
7802
4360-193-238
0.058, wR2 = 0.132
0.122, wR2 = 0.161

3.7
C15H15Ge1Li1
274.80
Monoclinic
P2(1)/c
11.3893(6)
15.7271(7)
7.8654(4)
102.972(2)
1372.9(1)
4
1.329
2.204
10310
2906-0-170
0.026, wR2 = 0.069
0.031, wR2 = 0.072

a

R(F) = !| |Fo|" |Fc| |/!|Fo|; wR(F2) = [!w(Fo2 " Fc2)2]1/2; S = [!w(Fo2 " Fc2)2/(n " p)]1/2 (n = no. of
data; p = no. of parameters varied. b w = 1/[#2(Fo2) + (aP)2 + bP] where P = (Fo2 + 2Fc2)/3 and a and b are
constants suggested by the refinement program.

Table 3.1. X-ray structural details of compounds 3.4 and 3.7.
3.2.2.2. Attempts Towards the Synthesis of CpGeMe2C2Ph by an Alternative
Pathway
The extremely low yields of the ligand 3.6 obtained from the direct reaction of
LiCp and LiC2Ph with Me2GeCl2 prompted us to look into alternative ways to synthesize
this compound. A synthetic pathway was proposed based on sequential addition of the
cyclopentadienyl and alkynyl substituents on germanium (Scheme 3.4).

Route A
Ph Ge Ph

DCM
HCl(g)

Ph Ge Cl

LiCp

Cp Ge Ph

3.8

3.9

DCM
HCl(g)

Cp Ge Cl

LiC2Ph

3.6a

3.6

Route B
LiC2Ph

Ph Ge
3.10

Ph

DCM
HCl(g)

Cl Ge
3.11

Scheme 3.4. Proposed scheme for the synthesis of CpGeMe2C2Ph.

Cp Ge

Ph

LiCp

Ph
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Dephenylative chlorination45 of the dimethyldiphenylgermane with in situ
generated HCl(g)† was anticipated to give the dimethylphenylchlorogermane (3.8).
Dimethyldiphenylgermane could be easily prepared by the reaction of two stoichiometric
equivalents of MeMgCl with Ph2GeCl2 or by the reaction of PhLi with Me2GeCl2.46
Although dimethylphenylchlorogermane is commercially available, it is extremely
expensive (5g - $144 from Gelest). Literature methods available for the synthesis of
Me2PhGeCl (3.8)47 utilize starting materials that are not readily available48-50 and using
our approach we were able to produce 3.8 in very good yield (86%) from the
commercially available Me2GeCl2 (10g - $140 from Gelest).
Following the proposed Route A (Scheme 3.4), LiCp was added to Me2GePhCl
(3.8) resulting in the formation of CpGeMe2Ph (3.9). Compound 3.9 was purified by
fractional distillation and fully characterized by spectroscopic methods. Compound 3.9
was also deprotonated, using LDA to give 3.12 (Scheme 3.5) in order to further confirm
the formation of 3.9. Treatment of CpGeMe2Ph (3.9) with HCl(g) was carried out in order
to prepare CpGeMe2Cl (3.6a) by dephenylative chlorination; however, this resulted in the
cleavage of the Ge-Cp bond instead of the Ge-Ph bond due to the higher acidity of Cp
(pKa = 15-18 for C5H6)¶,51 as compared to Ph (pKa = 43 for C6H6)¶ (Scheme 3.5),
regenerating Me2GePhCl (3.8).
LDA
n-hexane
0 0C

Ph Ge Cl

LiCp

3.8

Cp Ge Ph
3.9

Li

Ge Ph
3.12

DCM
HCl(g)

Cp Ge Cl
3.6a

HCl(g)
- HCp

Scheme 3.5. Attempted synthesis of CpGeMe2Cl following Route A.

†

HCl(g) was generated in situ by dropping H2SO4 over NH4Cl dropwise.
The pKa values have been taken from F. G. Bordwell, D. H. Ripin and D. A. Evans pKa table:
http://www.chem.wisc.edu/areas/reich/pkatable/
http://evans.harvard.edu/pdf/evans_pKa_table.pdf
¶
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Following proposed Route B (Scheme 3.4), attachment of the alkyne first by
reacting Me2GePhCl with LiC2Ph gave 3.10 which was then subjected to reaction with
HCl(g) resulting in cleavage of the Ge-alkyne bond over the Ge-Ph bond (due to the
higher acidity of the alkyne, pKa PhC2H = 23-29),51 regenerating the chloride 3.8 again
(Scheme 3.6).

Ph Ge Cl

LiC2Ph

Ph Ge

3.8

Ph

3.10

DCM
HCl(g)

Cl Ge

Ph

3.11

HCl(g)
- HC2Ph

Scheme 3.6. Attempted synthesis of ClGeMe2C2Ph following Route B.
The bis-Cp complex 3.6b and the bis-alkyne 3.6c (generated as byproducts from
the previous synthesis of CpGeMe2C2Ph (Scheme 3.2)) were also treated with HCl(g) in
hope of selective cleavage of one of the Ge-Cp or Ge-alkyne bonds respectively to make
the chloride 3.6a or 3.11;52 however, it was difficult to control the progress of the
reaction in both cases, resulting in the regeneration of Me2GeCl2 (Scheme 3.7). Halogen
exchange for 3.6b and 3.6c with Me2GeCl2 in THF or CDCl3 was found to be very slow
and non-selective, giving rise to a mixture of products (Scheme 3.8).

Cp Ge Cp

+ HCl(g)

DCM

Me2GeCl2 + 2 HCp

Eq. 3.1

Me2GeCl2 + 2 HC2Ph

Eq. 3.2

3.6b
Ge

Ph

Ph + HCl(g)

DCM

3.6c

Scheme 3.7. Attempted mono-chlorination of 3.6b and 3.6c.

Cp Ge Cp + Me2GeCl2
3.6b

Ph

Ge
3.6c

Ph + Me2GeCl2

THF or CDCl3
50

oC,

15 d

THF or CDCl3
50 oC, 15 d

other
decomposition
products

2 Cp Ge Cl +
3.6a

2 Cl Ge

other
Ph + decomposition
products

3.11

Scheme 3.8. Attempted mono-chlorination of 3.6b and 3.6c.

Eq. 3.3

Eq. 3.4
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3.2.2.3. Synthesis of (C5Me4H)GeMe2C2Ph Ligand
The selectivity of a 1:1 reaction over 2:1 reaction between LiCp and Me2GeCl2
can be improved by the use of more bulkier Cp, such as the LiC5Me4H instead of LiCp.
Following a literature procedure,53,54 a 1:1 stoichiometric reaction of LiC5Me4H and
Me2GeCl2 was carried out resulted in the formation of expected (C5Me4H)GeMe2Cl
(3.13a) and unwanted (C5Me4H)2GeMe2 (3.13b)55 in a 3.5:1 ratio (Scheme 3.9). In the
literature report, addition of a THF solution of Me2GeCl2 to a THF solution of LiC5Me4H
was carried out at -78 ºC and nothing was mentioned about the formation of the
disubstituted complex 3.13b. Also, no further purification was carried out for the chloride
3.13a. The ratio of the chloride 3.13a over the disubstituted complex 3.13b was improved
to a great extent (20:1) by following reverse addition of LiC4Me4H to Me2GeCl2 and
optimizing the rate of addition and solvents used. The chloride 3.13a was separated from
the mixture by fractional distillation and further treated with LiC2Ph to get the ligand
3.13 (Scheme 3.9). It should be noted that with the use of the bulkier cyclopentadienyl
group, the physical properties of the chloride (3.13a) and the bis-Cp complex (3.13b) are
greatly differentiated and the compounds are less volatile, which allows for easy
separation and purification.

Me2GeCl2

LiC5Me4H

Ge Cl

n-Pentane
THF

LiC2Ph
n-Pentane
THF

3.13a
+
(C5Me4H)2GeMe2
3.13b

Ge

Ph

MeLi
- HC2Ph

3.13
KN(SiMe3)2
Et2O

Ge

Li

Me

3.14

K

Ge

Ph

3.15

Scheme 3.9. Synthesis and deprotonation of germanium substituted ligand 3.13.
Deprotonation of the germanium substituted ligand 3.13 was carried out using a
non nucleophilic base (KN(SiMe3)2) to generate 3.15. Employment of MeLi resulted in
nucleophilic attack at the germanium centre with the elimination of the alkyne and
generation of undesired 3.14 (Scheme 3.9).

97
3.2.3. Tin Substituted (C5R4H)SnMe2C2Ph Ligands (R = H, Me)
The selectivity for mono-substitution over di-substitution gets even worse as we
move to heavier elements of group 14, i.e. germanium to tin. A 1:1 stoichiometric
reaction of Me2SnCl2 with LiCp gave almost exclusively the disubstituted product,
Cp2SnMe2.43,56,57 Similar reaction of the bulkier LiC5Me4H with Me2SnCl2 resulted in the
formation of (C5Me4H)SnMe2Cl (3.16a)53 and (C5Me4H)2SnMe2 (3.16b)55,58 in a 3.5:1
ratio by 1H NMR spectroscopy (Scheme 3.10). The chloride 3.16a could be obtained
almost exclusively when the reaction was done on a small scale (< 100 mg). Compound
3.16a was sublimed from the mixture on to a cold finger at -15 ºC and subsequently
treated with lithium phenylacetylide to obtain the desired ligand 3.16 (Scheme 3.10).

Me2SnCl2 + LiC5Me4Cp

Et2O

Sn Cl

THF

LiC2Ph
Et2O

3.16a
+
(C5Me4H)2SnMe2

Sn

Ph

3.16

3.16b

Scheme 3.10. Synthesis of the Sn substituted ligand 3.16.
Deprotonation of the tin substituted ligand 3.16 proved much more difficult than
the Si and Ge analogues. So far, to our knowledge there have been no reports of
deprotonation of a tin substituted Cp ligand. Generally, reaction of a tin substituted Cp
ligand (for example CpSnMe3) with a metal halide results in elimination of Me3SnCl and
formation of the Cp-metal complex. Also, tin-lithium exchange is a probable side
reaction.
3.3. Conclusions
The synthesis of alkyne-appended cyclopentadienyl ligands 3.1, 3.2, 3.6, 3.13 and
3.16 with Si, Ge and Sn as bridging elements between the Cp ring and the alkyne moiety
has been reported. Silicon substituted ligands 3.1 and 3.2 were prepared with LiCp and
successfully deprotonated with nBuLi or LDA. Bulkier C5Me4Li was used to isolate the
Ge and Sn substituted ligands 3.13 and 3.16 respectively. Germanium substituted ligands
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(3.6 and 3.13) were deprotonated using non-nucleophilic bases to obtain 3.7 and 3.15,
respectively.

3.4. Experimental
3.4.1. Materials
Dicyclopentadiene and tetramethyl cyclopentadiene (C5Me4H2), isopropyl amine,
pentyne and phenyl acetylene were obtained from Aldrich and distilled prior to use.
Lithium cyclopentadienide,59 LiC5Me4H,60 LiC2C3H7,61 LiC2Ph62 and LiN(iPr)263 were
prepared using literature methods, isolated as white powders (except LiN(iPr)2) and
stored in the glove box. nBuLi (1.6 M solution in n-hexanes), MeLi (1.6 M solution in
Et2O) and KN(SiMe3)2 were purchased from Aldrich Chemical Company and used as
received. The dihalides Me2SiCl2 and Me2SnCl2 were obtained from Aldrich chemical
company. Dimethyldichlorosilane was dried over CaH2 and distilled prior to use.
Dimethyldichlorogermane (Me2GeCl2) and Ph2GeCl2 were obtained from Gelest
chemical company and used as received. Hydrogen chloride gas was generated in situ by
dropping concentrated H2SO4 over NaCl and passing the generated gas through the
reaction solution by means of a bubbler.
3.4.2. Synthesis
Synthesis of CpSiMe2C2Ph (3.1a-c): A solution of LiCp (6.25 g, 87 mmol; THF 100
mL) was added to a solution of Me2SiCl2 (10.5 mL, 87 mmol; THF 30 mL) at -40 °C, at
which time the solution turned yellow. The reaction mixture was allowed to slowly warm
to 0 °C, then the cold bath was removed and the reaction mixture was stirred for a further
3-4 h at RT. The flask was then cooled to -40 °C and PhC2Li (9.39 g, 87 mmol; THF 40
mL) was added generating an orange solution. The reaction mixture was stirred for 15 h.
The volatiles were removed under vacuum, and the resulting mixture taken up in nhexane or n-pentane, filtered to remove LiCl and the volatiles removed in vacuo to yield
a yellow-orange liquid. The liquid was then distilled under vacuum (0.1 Torr) and the
required fraction was obtained at 100 °C.
Yield 9.74 g, 50%.
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1

H NMR (CDCl3, -20 °C, $ (ppm)): (major isomer 3.1a, 84%) 0.10 (s, 6H, Me), 3.59 (m,

1H, Cp), 6.59 (m, 2H, Cp), 6.67 (m, 2H, Cp), 7.32 (m, 3H, Ph), 7.49 (m, 2H, Ph) (isomer
3.1b, 13%) 0.40 (s, 6H, Me), 3.16 (m, 2H, Cp), 6.74 (m, 2H, Cp), 7.01 (m, 1H, Cp)
(isomer 3.1c, 3%) 0.41 (s, 6H, Me), 3.09 (m, 2H, Cp), 6.63 (m, 2H, Cp, overlapped with
other Cp from isomer 3.1b), 6.89 (m, 1H, Cp). All phenyls are overlapped.
13

C{1H} NMR (CDCl3, $ (ppm)): (major isomer 3.1a) -2.9 (Me), 51.1 (Cp, CHSiMe2),

92.5 (CC-SiMe2), 105.8 (CC-Ph), 122.9 (Ph), 128.3 (Ph), 132.1 (Ph), 133.1 (Ph), 138.8
(Cp), 143.6 (Cp) (isomer 3.1b) -0.5 (Me), 45.3 (Cp, CH2), 92.9 (CC-SiMe2), 105.9 (CCPh), 123.2 (Ph), 128.6 (Ph), 128.8 (Ph), 131.2 (Ph) 135.1 (Cp), 144.1 (Cp), 144.6 (Cp).
29

Si NMR (CDCl3, $ (ppm)): -18.6 (major isomer 3.1a), -28 (isomer 3.1b and 3.1c).

FT-IR (cm-1) (ranked intensity): 434 (12), 536 (13), 690 (2), 732 (9), 756 (3), 801 (5),
819 (10), 846 (1), 981 (7), 950 (11), 1066 (14), 1250 (6), 1488 (8), 2159 (4), 2960 (15).
ESI-MS (m/z, %): M+ (224, 26%), M+-Me (209, 10%), M+-Cp (159, 100%).
Synthesis of CpSiMe2C2C3H7 (3.2a-c): A solution of LiCp (3.7 g, 50 mmol; THF 50
mL) was added to a solution of Me2SiCl2 (6.2 mL, 50 mmol; THF 45 mL) at -40 °C over
a period of 15 min, at which time the solution turned yellow. The reaction mixture was
allowed to slowly warm to 0 °C, then the cold bath was removed and the reaction mixture
was stirred for a further 3-4 h at RT. The flask was then cooled to -40 °C and LiC2C3H7
(3.81 g, 50 mmol; THF 40 mL) was added generating an orange solution. The reaction
mixture was stirred for 15 h. The volatiles were removed under vacuum, and the resulting
mixture taken up in n-hexane or n-pentane, filtered to remove LiCl and the volatiles
removed in vacuo to yield a yellow-orange liquid. The liquid was then distilled under
vacuum (0.1 Torr) and the required fraction was obtained at 40 °C.
Yield 4.5 g, 46%.
1

H NMR (CDCl3, -20 °C, $ (ppm)): (major isomer 3.2a, 82%) 0.00 (s, 6H, SiMe2), 0.95-

1.02 (m, 3H, CH2CH3), 1.52-1.59 (m, 2H, CH2CH3), 2.21-2.25 (m, 2H, CH2CH2CH3),
3.50 (b, 1H, Cp), 6.55 (m, 2H, Cp), 6.63 (m, 2H, Cp) (isomer 3.2b, 14%) 0.29 (s, 6H,
SiMe2), 3.10 (b, 2H, Cp) (isomer 3.2c, 4%) 0.29 (s, 6H, SiMe2), 3.06 (m, 2H, Cp), other
Cp and pentyne protons (CH2CH2CH3) overlapped for all isomers.
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13

C{1H} NMR (CDCl3, $ (ppm)): (major isomer 3.2a) -2.7 (SiMe2), 13.6 (CH2CH3), 21.9

and 22.1 (CH2CH2CH3), 51.5 (Cp, CHSiMe2), 83.0 (SiCC), 108.4 (CC-C3H7), 131.0
(Cp), 133.3 (Cp) (isomer 1b) -0.2 (SiMe2), 45.3 (Cp, CH2), 133.0 (Cp), 138.7 (Cp), 143.1
(Cp).
29

Si NMR (CDCl3, $ (ppm)): -20 (major isomer 3.2a), -32 (isomer 3.2b) and -42 (isomer

3.3c).
FT-IR (cm-1) (ranked intensity): 573 (14), 674 (7), 767 (1), 812 (2), 909 (13), 979 (9),
1013 (12), 1039 (3), 1179 (8), 1248 (4), 1347 (10), 1407 (15), 1438 (11), 2175 (5), 2963
(6).
ESI-MS (m/z, %): M+ (190, 15%), M+-Cp (125, 100%).
HRMS (EI) for C12H18Si (found/calculated): (190.118/190.118).
Synthesis of LiCpSiMe2C2Ph (3.3): nButyllithium (10.5 mL, 16.80 mmol; 1.6 M
solution in n-hexane) was added to purified 3.1 (3.72 g, 16.60 mmol; n-hexane 100 mL)
at -30 °C. The reaction mixture was allowed to slowly warm over a period of 8 h over
which time a white solid precipitated. The suspension was filtered under nitrogen, and the
solids were collected, washed twice with n-hexane or n-pentane (30 mL) and dried under
vacuum. Note: Without the extended stirring, the yield will be low (2.29 g, 60%, 4 h).
Yield 3.44 g, 90%. DP: 55 ºC.
1

H NMR (C5ND5, $ (ppm)): 0.79 (s, 6H, Me), 6.64 (b, 2H, Cp), 6.79 (b, 2H, Cp), 7.34 (b,

3H, Ph), 7.62 (b, 2H, Ph).
13

C{1H} NMR (C5ND5, $ (ppm)): 1.6 (Me), 98.8 (Cp), 104.3 (CC), 106.1 (CC), 108.5

(Cp), 113.2 (Cp), 124.6 (Ph), 128.3 (Ph), 128.6 (Ph), 132.0 (Ph).
29

Si NMR (C5ND5, $ (ppm)): -29.9.

FT-IR (cm-1) (ranked intensity): 434 (10), 536 (12), 689 (4), 768 (2), 805 (6), 847 (1),
980 (13), 1039 (8), 1177 (9), 1220 (14), 1248 (3), 1440 (15), 1489 (7), 2159 (5), 2959
(11).
ESI-MS (m/z, %): M+-Li (224, 19%), M+-(Me + Li) (209, 11%), M+-(Cp + Li) (159,
100%).
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Synthesis of KCpSiMe2C2Ph (3.4): Potassium bis(trimethylsilyl)amide (0.089 g, 0.446
mmol; Et2O 5 mL) was added to 3.1 (0.1 g, 0.446 mmol; n-hexane 20 mL) at -30 °C. The
reaction mixture was stirred for 3.5 h after which a white precipitate was filtered, washed
twice with n-pentane (8 mL) and then dried in vacuo. X-ray quality crystals were
obtained by a slow diffusion of n-pentane into a THF solution of 3.4 at RT.
Yield 0.11 g, 93%. DP: 60 ºC.
1

H NMR (C5ND5, $ (ppm)): 0.73 (s, 6H, Me), 6.67 (b, 2H, Cp), 6.82 (b, 2H, Cp), 7.21

(overlapped with Py-d5, 3H, Ph), 7.50 (d, 2H, Ph).
13

C{1H} NMR (C5ND5, $ (ppm)): 2.0 (Me), 110.3 (Cp), 114.5 (Cp), 128.7 (Ph), 129.0

(Ph), 132.5 (Ph) (quaternary carbons not observed due to low solubility and stability of
the compound in C5ND5).
29

Si NMR (C5ND5, $ (ppm)): -30.5.

FT-IR (cm-1) (ranked intensity): 443 (7), 656 (13), 674 (5), 690 (8), 740 (1), 778 (4),
826 (2), 1038 (3), 1185 (6), 1246 (9), 1346 (15), 1438 (11), 1487 (12), 2147 (10), 3052
(14).
Synthesis of LiCpSiMe2C2C3H7 (3.5): nButyllithium (1.7 mL, 2.74 mmol; 1.6 M
solution in n-hexane) was added to 1 (0.052 g, 2.74 mmol; Et2O 15 mL) at -30 °C. The
reaction mixture was stirred for 5 h after which the volatiles were removed in vacuo, to
obtain off-white sticky solids. The product washed twice with n-pentane (5 mL) and then
dried in vacuo.
Yield 0.05 g, 93%. DP: 65 °C.
1

H NMR (C5ND5, $ (ppm)): 0.62 (s, 6H, SiMe2), 0.94 (t, 3H, CH2CH3, 3J = 7.4 Hz), 1.48

(m, 2H, CH2CH3), 2.23 (t, 2H, CH2CH2CH3, 3J = 7.0 Hz), 6.60 (pt, 2H, Cp), 6.73 (pt, 2H,
Cp).
13

C{1H} NMR (C5ND5, $ (ppm)): 2.6 (SiMe2), 14.1 (CH2CH3), 22.8 and 23.0

(CH2CH2CH3), 88.8 (SiCC), 106.3 (CC-C3H7), 107.7 (Cpipso), 108.7 (Cp), 113.7 (Cp).
29

Si NMR (C5ND5, $ (ppm)): -30.

Synthesis of CpGeMe2C2Ph (3.6): A solution of LiCp (4.1 g, 57 mmol; THF 60 mL)
was added to a solution of Me2GeCl2 (6.5 mL, 57 mmol; Et2O 35 mL) at -78 °C over a
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period of 15 min and the reaction mixture was allowed to warm up to -30 °C (2.5 h). The
flask was then cooled down to -78 °C and LiC2Ph (6.17 g, 57 mmol; Et2O 60 mL: THF 6
mL) was added generating an orange solution. The reaction mixture was stirred for 3.5 h
after which, the volatiles were removed under vacuum, and the resulting mixture taken up
in n-pentane, filtered to remove LiCl and the volatiles removed in vacuo to yield a
yellow-orange liquid. The liquid was then distilled under vacuum (0.1 Torr) and the
fraction obtained at 100 °C was collected (4.6 g) and redistilled to obtain the product as a
pale yellow liquid.
Yield 0.6 g, 4%.
1

H NMR (CDCl3, -30 °C, $ (ppm)): 0.26 (s, 6H, Me), 3.81 (m, 1H, Cp), 6.56 (m, 2H,

Cp), 6.66 (m, 2H, Cp), 7.33-7.35 (m, 3H, Ph), 7.49-7.51 (m, 2H, Ph).
13

C{1H} NMR (CDCl3, -20 °C, $ (ppm)): -2.6 (Me), 50.6 (Cp, CHGeMe2), 93.2

(CCGeMe2), 104.7 (CCPh), 122.9 (Ph), 128.4 (Ph), 128.7 (Ph), 130.2 (Cp), 132.1 (Ph),
133.1 (Cp).
FT-IR (cm-1) (ranked intensity): 580 (10), 659 (4), 690 (2), 757 (1), 941 (3), 973 (12),
1024 (14), 1215 (15), 1461 (11), 1488 (6), 2154 (8), 2873 (7), 2908 (13), 2931 (9), 2956
(5).
ESI-MS (m/z, %): M+ (270, 15%), M+-Cp (205, 100%), M+-Cp-2Me (175, 20%).
HRMS (EI) for C15H16Ge (found/calculated): (270.046/270.046).
Synthesis of LiCpGeMe2C2Ph (3.7): nButyllithium (1.10 mL, 2.69 mmol; 2.5 M
solution in n-hexane,) was added to di-isopropyl amine (0.4 mL, 2.90 mmol; n-hexane,
5mL) at 0 °C and the solution stirred for 30 min, after which the ligand 3.6 (0.56 g, 2.07
mmol; n-hexane 3 mL) was added and further stirred for 7 h. The white solids formed
were collected, washed twice with n-hexane (10 mL) and dried under vacuum.
Yield 0.30 g, 53%.
1

H NMR (C5ND5, $ (ppm)): 0.72 (s, 6H, Me), 6.68 (pt, 2H, Cp), 6.74 (pt, 2H, Cp), 7.22-

7.28 (m, 3H, Ph), 7.56-7.59 (m, 2H, Ph).
13

C{1H} NMR (C5ND5, $ (ppm)): 1.5 (Me), 98.8 (CCGeMe2), 104.1 (Cp), 105.2 (CCPh),

108.2 (Cp), 112.0 (Cp), 125.6 (Ph), 128.6 (Ph), 129.2 (Ph), 132.6 (Ph).
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Alternative approach to the synthesis of Ge ligand:
Synthesis of Me2GePhCl (3.8): Hydrogen chloride gas (generated in situ by dropping
H2SO4 over NH4Cl dropwise) was bubbled through a solution of Me2GePh2 (8.7 g, 33.9
mmol; DCM, 150 mL) for 4 h, after which, the solvent was removed in vacuo and the
crude liquid was distilled under static vacuum (50-60 ºC, 0.1 Torr) to obtain a clear
liquid.
Yield 6.43 g, 88%.
1

H NMR (CDCl3, $ (ppm)): 0.93 (s, 6H, Me), 7.41-7.43 (m, 3H, Ph), 7.57-7.58 (m, 2H,

Ph).
ESI-MS (m/z, %): M+ (216, 15%), M+ - CH3 (201, 100%).
HRMS (EI) for C8H11GeCl (found/calculated): (211.979/211.976).
Synthesis of CpGeMe2Ph (3.9): Lithium cyclopentadienide (2.50 g, 35.0 mmol; THF,
50 mL) was added dropwise through a cannula to a solution of 3.8 (5.0 g, 23.0 mmol;
THF, 100 mL) at -78 ºC and the reaction mixture was allowed to warm up to RT. After 6
h, the solvent was removed in vacuo. The solids were washed with n-pentane (100 mL)
and the washings were filtered to remove any LiCl. The crude oil obtained was then
subjected to vacuum distillation and a clear pale yellow liquid was collected at 70 -74 ºC
(0.1 Torr). Yield 3.51 g, 62%.
1

H NMR (CDCl3, -40 ºC, $ (ppm)): 0.26 (s, 6H, Me), 3.76 (b, 1H, Cp), 6.48 (b, 2H, Cp),

6.59 (b, 2H, Cp), 7.39-7.42 (m, 3H, Ph), 7.50-7.52 (m, 2H, Ph).
13

C{1H} NMR (CDCl3, -20 °C, $ (ppm)): -4.7 (Me), 51.3 (Cp, CHGeMe2), 128.2 (Ph),

129.0 (Ph), 129.3 (Cp), 133.1 (Cp), 133.2 (Ph), 140.6 (Ph).
ESI-MS (m/z, %): M+ (246, 10%), M+ - C4H5 (181, 100%).
HRMS (EI) for C13H16Ge (found/calculated): (242.049/242.046).
Synthesis of LiCpGeMe2Ph (3.12): nButyllithium (2.42 mL, 3.87 mmol; 1.6 M solution
in n-hexane,) was added to di-isopropyl amine (0.59 mL, 4.17 mmol; n-hexane, 14 mL)
at 0 °C and the solution stirred for 30 min, after which the ligand 3.9 (0.80 g, 2.98 mmol;
n-hexane 6 mL) was added and further stirred for 6 h at RT. The white solids formed
were collected, washed twice with n-hexane (15 mL) and dried under vacuum.
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Yield 0.70 g, 85%.
1

H NMR (C5ND5, $ (ppm)): 0.75 (s, 6H, Me), 6.59 (pt, 2H, Cp), 6.63 (pt, 2H, Cp), 7.32-

7.37 (m, 3H, Ph), 7.90-7.92 (m, 2H, Ph).
13

C{1H} NMR (C5ND5, $ (ppm)): -0.48 (Me), 107.7 (Cp), 108.8 (Cp), 112.0 (Cp), 128.1

(Ph), 128.2 (Ph), 134.6 (Ph), 144.7 (Ph).
Synthesis of (C5Me4H)GeMe2Cl (3.13a):54 A solution of LiC5Me4H (2.03 g, 15.8 mmol;
THF, 30 mL) was added dropwise over 2 h to a solution of Me2GeCl2 (2.75 g, 15.8
mmol; n-pentane:THF 30 mL:20 mL) at room temperature under N2. The solvent was
removed after 1.5 h and the solids left behind were washed with n-pentane and filtered to
remove LiCl. The n-pentane was then removed in vacuo. Proton NMR of the crude
compound showed a peak at -0.17 ppm, which was indicative of the formation of bis-Cp
complex. The ratio of the bis-Cp formed varied depending on the rate of addition of the
LiC5Me4H solution. In this case 20:1 ratio of the chloride 3.13a:bis-Cp 3.13b was
obtained. The crude compound was then vacuum distilled and the desired fraction was
collected as a colourless liquid at 45-50 °C (0.2 Torr).
Yield 2.73 g, 68%.
1

H NMR (CDCl3, $ (ppm)): 0.51 (s, 6H, GeMe2), 1.83 (s, 6H, Cp), 1.95 (s, 6H, Cp), 3.46

(bs, 1H, Cp).
Synthesis of (C5Me4H)GeMe2C2Ph (3.13): A solution of PhC2Li (0.7 g, 6.47 mmol;
THF 5 mL) was added to a solution of (C5Me4H)GeMe2Cl (3.13a) (1.35 g, 5.29 mmol; npentane 50 mL) at -70 °C and precipitation of LiCl was observed at that temperature. The
cold bath was removed after 0.5 h and the reaction mixture was allowed to warm to RT,
filtered through a frit packed with neutral alumina (3 cm) and the volatiles were removed
under vacuum, to give a yellow liquid. The liquid was then dissolved in 1 mL of npentane, cooled to -70 °C in a round bottom flask and kept at that temperature for 1 h
during which time, white solids precipitated out of the solution. The supernatant was
removed and the precipitation process was repeated again. The white solids obtained
were dried under vacuum.
Yield 1.2 g, 71%. MP: 22 ºC.
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1

H NMR (CDCl3, $ (ppm)): 0.28 (s, 6H, GeMe2), 1.88 (s, 6H), 2.05 (s, 6H), 3.22 (bs, 1H,

Cp), 7.32 (m, 3H, Ph), 7.49 (m, 2H, Ph).
13

C{1H} NMR (CDCl3, $ (ppm)): -2.9 (GeMe2), 11.1 (Cp(Me)), 13.7 (Cp(Me)), 54.3 (Cp,

CHGeMe2), 94.1 (CC-GeMe2), 105.4 (CC-Ph), 123.5 (Ph), 128.2 (Ph), 131.7 (Ph), 132.0
(Ph), 135.4 (Cp), 143.4 (Cp).
FT-IR (cm-1) (ranked intensity): 586 (14), 690 (6), 734 (3), 756 (5), 806 (1), 910 (2),
1024 (8), 1096 (10), 1216 (12), 1261 (4), 1444 (15), 1489 (7), 2155 (9), 2913 (11), 2857
(13).
ESI-MS (m/z, %): M+ (326, 30%).
HRMS (EI) for C19H24Ge (found/calculated): (326.108/326.110).
Synthesis of LiC5Me4GeMe3 (3.14): Methyllithium (2.06 mL, 3.30 mmol; 1.6 M
solution in Et2O) was added to 3.13 (0.883 g, 2.75 mmol; Et2O 18 mL) at RT. The
reaction mixture was stirred for 3 h after which, the solvent was removed in vacuo and
the white residue obtained was washed twice with n-pentane (5 mL) and dried.
Yield 0.48 g, 72%.
1

H NMR (C5ND5, $ (ppm)): 0.62 (s, 9H, GeMe3), 2.30 (s, 6H, Cp(Me)), 2.40 (s, 6H,

Cp(Me)).
13

C{1H} NMR (C5ND5, $ (ppm)): 4.0 (GeMe2), 12.6 (Cp(Me)), 15.2 (Cp(Me)), 103.3

(Cp), 112.1 (Cp), 115.5 (Cp).
Synthesis of KC5Me4GeMe2C2Ph (3.15): Potassium bis(trimethylsilyl)amide (0.048 g,
0.24 mmol; Et2O 5 mL) was added to 3.13 (0.077 g, 0.24 mmol; Et2O 10 mL) at RT. The
reaction mixture was stirred for 3 h after which a white precipitate was filtered, washed
twice with n-pentane (5 mL) and then dried in vacuo.
Yield 0.07 g, 82%. DP: 94 ºC.
1

H NMR (C5ND5, $ (ppm)): 0.86 (s, 6H, GeMe2), 2.36 (s, 6H, Cp(Me)), 2.63 (s, 6H,

Cp(Me)), 7.21 (overlapped with Py-d5, 3H, Ph), 7.53 (d, 2H, Ph).
13

C{1H} NMR (C5ND5, $ (ppm)): 4.0 (GeMe2), 12.6 (Cp(Me)), 15.1 (Cp(Me)), 99.3 (Cp,

CGeMe2), 101.8 (CC-GeMe2), 103.9 (CC-Ph), 113.0 (Cp), 116.5 (Cp) 125.8 (Ph), 128.4
(Ph), 129.1 (Ph), 132.5 (Ph).
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FT-IR (cm-1) (ranked intensity): 533 (12), 566 (13), 583 (6), 597 (8), 691 (3), 755 (1),
807 (2), 837 (11), 1212 (14), 1322 (9), 1443 (10), 1487 (7), 2142 (15), 2851 (4), 2905 (5).
Synthesis of (C5Me4H)SnMe2Cl (3.16a):53 A solution of LiC5Me4H (1.01 g, 7.91 mmol;
THF 70 mL) was added dropwise over 40 min to a solution of Me2SnCl2 (97% from
Aldrich) (1.79 g, 8.15 mmol; Et2O:THF 50 mL:5 mL) at room temperature under N2. The
solvent was removed after 1 h and the solids left behind were washed with n-pentane and
filtered to remove LiCl. The n-pentane was then removed in vacuo. Proton NMR of the
crude compound showed a peak at -0.22 ppm (with Sn satellites), which was indicative of
the formation of bis-Cp complex. The ratio of the bis-Cp formed varied depending on the
rate of addition of the LiC5Me4H solution. Typically 3.5:1 ratio of the chloride 3.16a:bisCp 3.16b was obtained. The crude compound was then sublimed under dynamic vacuum
onto a cold finger at -15 °C and collected as a pale yellow solid (0.2 Torr).
Yield 1.61 g, 67%.
1

H NMR (CDCl3, $ (ppm)): 0.41 (s, 6H, 2JSn-H = 31.4 Hz, SnMe2), 1.87 (s, 4JSn-H = 13.4

Hz, 6H, Cp), 2.00 (s, 6H, Cp), 3.95 (bs, 2JSn-H = 62.6 Hz, 1H, Cp).
13

C{1H} NMR (CDCl3, $ (ppm)): -2.6 (SnMe2), 11.3 (Cp(Me)), 13.4 (Cp(Me)), 64.7 (Cp,

CHGeMe2), 127.8 (Cp), 135.2 (Cp).
119

Sn{1H} NMR (CDCl3, $ (ppm)): 120.2.

Synthesis of (C5Me4H)SnMe2C2Ph (3.16): A solution of PhC2Li (0.63 g, 5.80 mmol;
Et2O 15 mL) was added dropwise to a solution of (C5Me4H)SnMe2Cl (1.61 g, 5.27 mmol;
Et2O 45 mL) at RT. The reaction mixture was stirred for 4.5 h, after which the volatiles
were removed in vacuo, the solids redissolved in n-pentane, filtered and the n-pentane
was removed to obtain an orange oil.
Yield 1.88 g, 96%.
1

H NMR (CDCl3, $ (ppm)): 0.16 (s, 6H, 2JSn-H = 22.4 Hz, SnMe2), 1.88 (s, 4JSn-H = 9.0

Hz, 6H), 2.04 (s, 6H), 3.69 (bs, 1H, 2JSn-H = 35.8 Hz, Cp), 7.29-7.31 (m, 3H, Ph), 7.467.52 (m, 2H, Ph).
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13

C{1H} NMR (CDCl3, $ (ppm)): -8.8 (SnMe2), 11.3 (Cp(Me)), 13.6 (Cp(Me)), 58.1 (Cp,

CHGeMe2), 94.0 (CC-GeMe2), 110.2 (CC-Ph), 123.7 (Ph), 128.3 (Ph), 128.4 (Ph), 130.0
(Cp), 132.0 (Ph), 133.5 (Cp).
119

Sn{1H} NMR (CDCl3, $ (ppm)): -59.5.

FT-IR (cm-1) (ranked intensity): 519 (12), 533 (6), 556 (8), 649 (13), 734 (1), 757 (2),
1026 (15), 1210 (10), 1228 (5), 1384 (14), 1443 (7), 2137 (11) (CCalkyne), 2857 (4), 2914
(3), 2964 (9).
ESI-MS (m/z, %): M+ (372, 22%).
HRMS (EI) for C19H24Sn (found/calculated): (372.091/372.090).
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Chapter 4
Half Sandwich Co and Ni Complexes Featuring Alkyne-Appended
Cyclopentadienyl Ligands†
Section A. Half Sandwich CpCo(I) Complexes
4.1. Introduction
Half sandwich Co(I) complexes such as CpCo(CO)21 and CpCo(C2H4)22 are
extensively used as catalysts for the [2+2+2] cyclotrimerization of alkynes as well as cotrimerization of alkynes with alkenes and nitrile derivatives to obtain substituted
benzenes, 1,3-cyclohexadienes, pyridines, pyridones and iminopyridine products.3 The
[2+2+2] cyclization of alkynes can be suppressed by employing suitable functional
groups pendent to the cyclopentadienyl moiety and coordinating to the metal centre. The
suppression of trimerization leads to other interesting reactivities, for e.g. CpCo(I)
complex with a pendent phosphine tether acts as a catalyst for the selective
hydrosilylation of internal alkynes. Cyclopentadienyl cobalt(I) complexes with
coordinating pendent phosphines, amines, thiol, alkene and alkynes are known. The
cyclopentadienyl ligand is usually pre-functionalized with the desired tether and then
treated with a metal source. Synthesis and characteristic reactivity of pendent cobalt
complexes is discussed in the following section.
4.1.1. General Synthesis of CpCo(I) Complexes with Pendent Functional Groups
Butenschön et al. reported the synthesis of pendent phosphine complexes with an
internally coordinated phosphine and an inhibition of [2+2+2] cyclization of alkynes in
such chelate compounds.4-8 This led to the isolation of a CpCo(I) complex with a
coordinated terminal alkyne (4.1) (Figure 4.1). The CpCo(I) fragment in these
cyclopentadienyl compounds with pendent atoms/groups is synthesized by following the
general reactions discussed in Chapter 1 (Scheme 1.19). A 1:1 stoichiometric reaction of
the ligand (4.2) with CoCl2 led to the formation of the pendent cobalt chloride complex
†

All X-ray data has been collected by Caleb Martin or Jackie Price and solved by myself.
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4.3 or the chloride bridged Co(II) dimer 4.4 (Scheme 4.1), both of which could then be
reduced with Na/Hg in the presence of ethylene to obtain the Co(I) complex 4.6.9,10 The
carbonyl complex 4.5 was produced from the reaction of ligand 4.2 with ICo(CO)4 where
the species 4.5 readily loses one CO molecule creating a vacant site for the coordination
of the pendent phosphine arm.11,12

Co

Ph

P
tBu
2

H
4.1

Figure 4.1. The first CpCo complex with a coordinated terminal alkyne.
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Scheme 4.1. Synthesis of CpCo complexes with pendent phosphine tethers.
The synthesis of a S coordinated Co(I) complex 4.10 was reported by Brookhart
et al.13 Treatment of Co2(CO)8 with tetramethyl(2-methylthioethyl)cyclopentadiene (4.7)
and subsequent oxidation of the intermediate dicarbonyl complex resulted in an excellent
yield of the diiodide 4.8 (Scheme 4.2). Reduction of 4.8 with K in the presence of
ethylene led to the formation of the bis-ethylene complex 4.9, which could not be
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converted to 4.10 by any means. The authors reported an unexpected formation of 4.10
through treatment of 4.8 with ethylmagnesium bromide, which was anticipated to yield
the cobalt diethyl complex. Synthesis of the Co(III) diiodide complex with a pendent
amine ligand was reported by Jutsi et al. (Figure 4.2), which on reduction with Na/Hg
resulted in the loss of coordination of the pendent amine.14
S

K
Me
S Co (CO)
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Me
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Co
OC

Me

Co
I

CO

4.7
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4.8

S
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EtM
gB
r

Co
4.10

S
Me

Scheme 4.2. Synthesis of the S coordinated CpCo(I) complex 4.10.

Co
I

I

N
Me2

Figure 4.2. Amine coordinated CpCo(III) complex.
Pendent alkene complexes have been reported by Okuda and Zimmermann and
they showed that the rigidity of the coordinated pendent alkene tether gave rise to new
reactivity at the Co(I) centre.15 Compound 4.16 with the pendent alkene coordinated to
the Co centre was prepared either from the dicarbonyl complex 4.12 by thermally or
photochemically removing one of the CO ligands; or from the reduction of the diiodide
Co(III) complex 4.13 or the iodide bridged Co(III) dimer 4.14 (Scheme 4.3).16 However,
the photolysis of 4.12 under forcing conditions as well as reduction of the diiodide 4.13
by a large excess of Na/Hg led to the formation of the Co(I) dimer 4.15. Compound 4.16
could also be prepared by the reduction of chloride bridged Co(II) dimer obtained from
the 1:1 stoichiometric reaction of the ligand (4.11) and CoCl2.17
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Scheme 4.3. Synthesis of CpCo complexes with a pendent alkene (4.16).
The ligand design for 4.16 was based on molecular mechanical calculations and
the fact that “only a specific chain length would yield a cobalt fragment with as rigid as
possible a chelate framework”; however, theoretical calculations were not published.15
Compound 4.16b remarkably showed complete inhibition of alkyne trimerization leading
to the isolation of 4.17 with a coordinated alkyne and internal alkene ligand (Scheme
4.4). On the other hand, 1,7-octadiyne reacted with 4.16b to give, in 90% yield,
cobaltacyclopentadiene 4.18 as the first isolable cobaltacyclopentadiene complex with a
!-coordinated ligand. With activated alkynes such as dimethyl acetylene-dicarboxylate
(DMAD) and diphenylacetylene, the cobalt centred [2+2+2] cycloaddition was observed,
giving rise to the "4-cyclohexadiene complex 4.19 with a bridged ligand system. This
presented an exclusive example of the reactivity of pendent alkene with subsequent
alkyne addition. No solid-state data was reported for complexes 4.19a and 4.19b, and it
was mentioned that 4.19b had a distorted structure.15
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Scheme 4.4. Reactivity of the alkene appended complex 4.16b with various alkynes.
Gleiter et al. have shown many examples of intramolecular alkyne dimerization
on pendent alkyne Co complexes (4.20) leading to the formation of endohedral
cobaltacyclophanes with a cyclopentenone ring 4.21 or cyclobutadiene ring (4.22)
depending on the reaction conditions (Scheme 4.5), R substituents and the number of
atoms (n, m) in the linker chain.18-20
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Scheme 4.5. Endohedral cobaltoarenophanes prepared from internal dimerization of
pendent alkynes.
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Pendent alkyne complexes with less than three atoms in the bridge and a single
alkyne unit have remained elusive with the exception of one report on similar rhodium
complexes, where the alkyne-appended complex with an ethylene bridge could not be
isolated.21 Rhodium complexes with a coordinated pendent alkyne (4.24) were isolated
with a tri and tetramethylene tether (Scheme 4.6).
tBu

n

Ph
Rh
CO

OC

h!
- CO

n = 1, 2
4.23

Ph
Rh

n

OC
tBu

4.24

Scheme 4.6. Rhodium complexes with coordinated pendent alkynes.
4.1.2. Aim of the Present Work
It should be noted that in all the pendent cobalt(I) complexes, two or more carbon
atoms separate the functional group and the cyclopentadienyl ring. Butenschön
mentioned in Chem. Ber. 1993 that “by the inspection of molecular models chelation is
difficult to achieve with only a one-carbon bridge and that it is much easier to realize
with a two-carbon bridge”.12
Since a single atom bridge was desired to realize our goal of a
[1]cobaltoarenophane, heavier group 14 elements (E = Si, Ge, Sn) were incorporated as
bridging elements in the ligands (C4R4EMe2C2Ph; R = H, Me) due to the increasing
covalent radii and C-heteroatom bond lengths (Table 4.1).22,23 These properties of heavier
atoms were thought to aid in the coordination of the pendent alkyne unit to the cobalt
centre (Scheme 4.7). The alkyne-appended cyclopentadienyl ligands introduced in
Chapter 3 were synthesized for the purpose of generating half sandwich alkyne-appended
cobalt(I) complexes as per Scheme 4.7. Endeavours with the proposed synthetic approach
are discussed in this chapter. Reactivity of the reported ligands in the formation of half
sandwich nickel compounds is also explored.
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C-E
C-C

Covalent Radii (Å) for E
0.76

Bond Lengths (Å)
1.54

C-Si

1.11

1.82-1.89

C-Ge

1.20

1.93-1.97

C-Sn

1.39

2.14-2.19

Table 4.1. Comparison of the covalent radii and C-E single bond lengths (E = Si, Ge,
Sn).
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Scheme 4.7. Aim of the present work (general approach).
4.2. Results and Discussion
4.2.1 Synthesis of Half Sandwich Cobalt Complexes
Reaction of Co2(CO)8 with the less bulkier CpEMe2C2Ph ligands 3.1a (E = Si)
and 3.6 (E = Ge) was tried first. Refluxing a DCM solution of Co2(CO)8 with
CpSiMe2C2Ph (3.1) resulted in the formation of mostly 4.25 where the Co2(CO)6 unit was
inserted into the alkyne (Scheme 4.8). This was not unexpected since Co2(CO)8 has a
strong affinity for alkynes. Using excess Co2(CO)8 could result in the formation of 4.26
as reported in the literature.24 However, the requirement of the alkyne to be free to allow
coordination to the central cobalt is not satisfied in this reaction sequence.

Ph

Si

Co2(CO)8
DCM

OC CO Ph
OC Co
CO
Co CO Co2(CO)8
Si
CO

OC CO Ph
OC Co
CO
Co CO
Si
CO
Co
CO

OC
3.1a

4.25

4.26

Scheme 4.8. Reaction of Co2(CO)8 with CpSiMe2 C2Ph (3.1); only the major isomer 3.1a
is shown here.
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Second approach using metathesis of the deprotonated ligands with ClCo(PPh3)3
did not result in the formation of the desired compound. From the

31

P{1H} NMR

spectrum, only PPh3 could be detected suggesting that no PPh3 coordinated cobalt
complex was formed, albeit in very low quantity. Also, removal of three stoichiometric
equivalents of PPh3 generated at the end of the reaction proved to be a significant
problem with this pathway. Tetrakis-carbonyl-cobalt-iodide ICo(CO)4 was thought to be
a better precursor since the CO generated can be easily removed under vacuum.
Treatment of the deprotonated ligands 3.3 and 3.7 with ICo(CO)4, which was generated
in situ from the reaction of Co2(CO)8 with I2,25,26 resulted in the formation of 4.27 and
4.28 (Scheme 4.9) as observed from FT-IR and 1H NMR spectroscopy. The FT-IR
spectrum of 4.27 (Figure 4.3) revealed the presence of two CO vibrations (2025 cm-1 and
1960 cm-1) and an alkyne vibration at 2160 cm-1. However, the 1H NMR spectrum
showed the corresponding peaks of the free ligand (CpSiMe2C2Ph) and an unidentified
silicone by-product at 0.09 ppm. In addition, the compounds were viscous oils, which
made the isolation of clean compounds very difficult. Figure 4.4 represents a proton
NMR spectrum of the cleanest obtained sample of 4.27. The reaction solvent, reaction
temperature and the ratio of ligand : Co2(CO)8 : I2 were varied in order to optimize the
reaction conditions, but the ratio of free ligand and silicon based impurity formed were
inconsistent. Photolysis of crude 4.27 alone or with PPh3 and alkynes resulted in
decomposition or formation of an inseparable mixture of several compounds. The
reactions were even less clean with the germanium ligand 3.7 and no assessment could be
made based on the synthetic attempts.
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Scheme 4.9. Attempted synthesis of (CpEMe2C2Ph)Co(CO)2 (E = Si, Ge) compounds.
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C C
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Figure 4.3. Overlaid FT-IR spectra of 4.27 (red) and 4.29 (blue) showing the presence of
only one CO vibration in 4.29.
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Figure 4.4. Proton NMR spectrum of compound 4.27.
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In an attempt to prepare the oxidized species 4.29, compound 4.27 was reacted
with I2 in Et2O at 0 °C resulting in a purple solution (Scheme 4.9). The reaction mixture
was filtered and the filtrate was sublimed. Proton NMR spectra of the sample left after
sublimation showed a set of Cp pseudo triplets very close to each other (in comparison to
the one broad singlet of impure samples). An FT-IR spectrum of the purple compound
showed absorption at 2066 cm-1 for CO and at 2159 cm-1 for the alkyne (Figure 4.3). This
indicated the presence of only one CO group and is consistent with other Co(III) diiodide
compounds reported.16 The diiodide Co(III) complex (4.29) was not very stable and was
found to decompose over time, making characterization difficult. Reduction of the iodide
with Na, K or Na/Hg all resulted in the regeneration of the starting dicarbonyl complex
4.27 (Scheme 4.9).
Utilizing more bulky ligands, reaction of the salt K(C5Me4)GeMe2C2Ph (3.15)
with ICo(CO)4 resulted in the formation of a mixture of products which could not be
separated. Therefore, an alternative approach was followed where the (C5Me4H)GeMe2Cl
(3.13a) was reacted with Co2(CO)8, resulting in the in situ formation of chloride 4.30 and
a by-product, 4.31 in a 3:1 ratio (Scheme 4.10). An infrared spectrum of the crude
mixture (Figure 4.5) revealed the presence of two CO vibrations (ca. 1943 cm-1 and 2005
cm-1). The chloride was unstable and therefore, was not isolated but treated with LiC2Ph
in situ to obtain 4.32. Attempts to purify the compound by sublimation resulted in the
isolation of a red solid on the cold finger. The FT-IR spectrum of the red solid showed
the absence of alkyne and the presence of carbonyl groups and was identified as
(C5Me4H)Co(CO)2 4.3127,28 obtained during the first step of the synthesis. The red oil left
after sublimation at 50 ºC was identified as the desired compound 4.32. The presence of
the alkyne and two carbonyls was confirmed from FT-IR (Figure 4.5),
spectroscopy and high resolution mass spectrometry (HRMS).

13

C NMR
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Scheme 4.10. Synthesis of the alkyne-appended dicarbonyl complex 4.32.

C C

CO

Figure 4.5. Overlaid FT-IR spectra of a 3:1 mixture of 4.30:4.31 (red) and 4.32 (blue)
showing the presence of alkyne vibration in 4.32.
To have the pendent alkyne coordinate to the metal centre, one of the CO ligands
had to be removed to provide a vacant coordination site. In analogous complexes such as
CpCo(CO)2, the CO ligands are loosely bound and can be easily removed thermally or
photochemically in the presence of another potential ligand.10,16 It was expected that the
pendent alkyne would be a potential ligand and under photochemical or thermal
conditions, one of the CO ligands would be removed from the cobalt centre. However, all
trials resulted in no reaction or decomposition of the compound and only in the presence
of a strong # donor ligand (PMe3), could one of the CO’s be replaced (Scheme 4.11).
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Scheme 4.11. Substitution of carbonyl with PMe3 in 4.32.
Reaction of (C5Me4H)SnMe2Cl (3.16a) with Co2(CO)8 resulted in the exclusive
formation of 4.31 (Scheme 4.12) as the only cobalt containing product and the cleavage
of the Cp-Sn bond yielded the compound 4.34. No trace of ((C5Me4)SnMe2Cl)Co(CO)2
(Sn derivative of 4.30) was observed. The presence of a Sn-Cl bond was further
confirmed from the reaction of 4.34 with LiC2Ph resulting in the synthesis of 4.35.
Compounds 4.34 and 4.35 were identified by 1H,

13

C{1H} and
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Sn{1H} NMR

spectroscopy.
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C2Ph Sn Sn C2Ph

4.34
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Scheme 4.12. The reaction of (C5Me4H)SnMe2Cl (3.16a) with Co2(CO)8.
The difference in reactivity of (C5Me4H)SnMe2Cl (3.16a) and (C5Me4H)GeMe2Cl
(3.13a) with Co2(CO)8 can be rationalized based on the weaker Cpipso-Sn bond as
compared to Cpipso-Ge bond.22,23 The reaction between Co2(CO)8 and cyclopentadiene
proceeds with the elimination of H2(g). Analogously, the formation of 4.34 is anticipated
from the combination of two SnMe2Cl radicals. This indicates a competition between the
cleavage of the weaker C-E (E = Ge, Sn) bond over the C-H bond.
Section B. Half Sandwich CpNi(II) Complexes
4.3. Introduction
Since the cobalt complexes with pendent alkyne ligands could not be structurally
characterized, reactivity of the ligands with the group 10 neighbour, nickel, was explored.
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The groups of Fischer and Butenschön have reported cyclopentadienyl nickel complexes
with hemilabile pendent amine and phosphine ligands, respectively.29-31 There is one
example of an olefin appended indenyl Ni complex,32 however, pendent alkyne
complexes are unknown to date. Similar to the pendent CpCo(I) complexes, all reported
CpNi(II) complexes with coordinated pendent functional groups utilize an ethylene
spacer between the Cp and the functional group.
4.4. Results and Discussion
4.4.1. Synthesis of Nickel Chlorides
A 1:1 stoichiometric reaction of NiCl2(PPh3)2 and the respective ligand (3.3, 3.5,
3.15) in a toluene/THF mixture resulted in a red solution over 5 min (Scheme 4.13). The
reaction mixture was stirred for another 6 h after which, the solution was centrifuged to
remove the solids (LiCl or KCl). The supernatant was concentrated until red solids
precipitated, which were separated and dried. Phosphorus NMR spectra of the crude
solids contained one signal in all cases (ca. 27.8, 28.5 and 36.4 ppm for 4.36, 4.37 and
4.38 respectively); however, the proton NMR spectra revealed some broad peaks in the
baseline, possibly originating from a paramagnetic impurity. The solids were washed
with Et2O and the Et2O wash was stored at -30 ºC to give red crystalline material. Proton
NMR spectra of the red solids showed a set of Cp pseudo triplets for 4.36 and 4.37 and
three different methyl groups in the case of 4.38 (see Section 4.4.4 for further details).
The second crop of crystals obtained from the further concentration of supernatant
contained some yellow crystals. A proton NMR spectrum of the yellow crystals showed
broad peaks depicting its paramagnetic nature. A unit cell was determined from the
yellow crystals and they were identified as ClNi(PPh3)3 consistent with the literature
data.33 Formation of the Ni(I) by-product has also been reported by Zargarian and coworkers where they mentioned that the in situ generation of Ni(PPh3)4 and a
comproportionation reaction between Ni(0) and Ni(II) (NiCl2(PPh3)2) results in the
formation of ClNi(PPh3)3.32,34 When the same reaction was performed in n-hexane
instead of toluene, the reaction mixture remained green in colour and only yellow-green
solids were obtained after work-up, which had the same characterization details as
ClNi(PPh3)3.
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Scheme 4.13. Synthesis of nickel chlorides 4.36-4.38.
The first batch of crystalline compound from the Et2O wash gave pure material
and the second batch had to be discarded due to the Ni(I) impurity present, limiting the
isolated yield of the products. Also, the amount of Ni(I) by-product formed varied in all
three cases. X-ray quality crystals were obtained from concentrated Et2O solution for
4.36 and from concentrated n-pentane solutions at -30 ºC for 4.37 and 4.38 (Figures 4.34.5), confirming the expected connectivity.
4.4.2. Halide Abstraction - Formation of Nickel Cations
Cyclopentadienyl/Indenyl nickel cations have been important in catalysis and are
poorly investigated in the literature. In most of the catalytic reactions involving
Cp/Indenyl Ni chlorides, a cationic nickel centre is generated in situ, which is the
catalytically active species. There are few reports of the isolation and characterization of
these nickel cations.30,32,35-38 We were interested in their synthesis using very weakly
coordinating anions, which have not been employed before, with the aim of preparing a
[CpNi]+ cation with a vacant coordination site and potential coordination of the pendent
alkyne to the Ni centre.
The chlorides 4.36, 4.37 and 4.38 were subjected to halide abstraction with a
stoichiometric equivalent of K[B(C6F5)4] or Na2[B12Cl12]. Interestingly, the more bulky
compound 4.38 showed slightly different reactivity originating from the different steric
and electronic properties.
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Scheme 4.14. The synthesis of nickel cations 4.39-4.41 via halide replacement with
weakly coordinating anions.
When 4.36 and 4.37 were treated with one equivalent of K[B(C6F5)4] in DCM, an
instantaneous colour change was observed from red to yellow-brown. The 31P{1H} NMR
spectrum of the crude reaction mixture showed a 6 ppm downfield shift as compared to
the chlorides 4.36 and 4.37, consistent with the formation of a cationic species.31,36,39 The
solids were removed and the supernatant concentrated to give yellow-brown solids.
Proton NMR spectra of the solids showed a single set of Cp pseudo triplets and the
31

P{1H} NMR spectrum contained a single signal in all cases. The 1H and 31P{1H} NMR

spectra pointed towards the formation of 4.39b, but the 13C NMR spectra showed 2 sets
of doublets for the ipso, ortho and meta carbons on the phenyl ring for PPh3 indicating
the presence of two PPh3 molecules (as in 4.39) instead of one (Scheme 4.14). The
presence of only one signal in the

31

P{1H} NMR spectrum of 4.39-4.41 was contrary to

the expected presence of two doublets since the molecules lack a plane of symmetry. In
[(1-MeIndenyl)Ni(PPh3)2]+ two distinct doublets were observed in the

31

P{1H} NMR

spectrum.39 This could be due to the labile nature of PPh3 in compounds 4.39-4.41 or
perhaps due to the fast rotation of the Cp ring on the NMR time scale. Similar solution
behaviour was observed in [Cp*Ni(PEt3)2]OTf.35 Low temperature

31

P{1H} NMR

spectroscopy was carried out to -60 °C but only one unchanged signal was observed.
Similar reactivity was observed when 4.36 was treated with 1 stoichiometric
equivalent of Na2[B12Cl12] (as opposed to 0.5 equivalent since an excess was required for
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the reaction to go to completion). X-ray quality crystals of 4.41 were obtained from a
diffusion of Et2O into a DCM solution of 4.41 and the X-ray data confirmed the presence
of two PPh3 molecules (Figure 4.11).
Based on previous reports of the indenyl-Ni cations,32,39 the naked cation (4.39b,
4.40b or 4.41b), is unstable and highly electrophilic (16 e species) and abstracts another
PPh3 molecule from 4.36 or 4.37 forming 4.39, 4.40 or 4.41, respectively (Scheme 4.14).
Some other by-product must also be formed during the second step of abstraction of
PPh3, but nothing could be isolated and identified. To facilitate complete conversion of
4.36 and 4.37 to 4.39, 4.40 and 4.41 the reaction was performed using an equivalent of
PPh3, resulting in quantitative yields (Scheme 4.15). The formulation of cations 4.39,
4.40 and 4.41 was confirmed by elemental analysis.

Si
Ni
Ph3P

+ PPh3
Cl

R' = Ph, (4.36)
R' = C3H7, (4.37)

R'

Si

DCM
MX

[X]

Ni
Ph3P

PPh3 R'

n

R' = Ph, MX = K[B(C6F5)4], X = [B(C6F5)4], n = 1 (4.39)
R' = C3H7, MX = K[B(C6F5)4], X = [B(C6F5)4], n = 1 (4.40)
R' = Ph, MX = Na2[B12Cl12], X = [B12Cl12], n = 2 (4.41)

Scheme 4.15. Synthesis of nickel cations 4.39-4.41 in the presence of PPh3.
Bis-phosphine coordinated cationic Ni species have been reported to be
catalytically inert in hydrosilylation reactions due to the non-labile PPh3 ligand.40,41 In
our case, the PPh3 ligand is labile to some extent. The lability of PPh3 is supported by the
observation that in the presence of a coordinating solvent such as CH3CN, there exists an
equilibrium between the CH3CN coordinated species 4.39a, 4.40a, 4.41a and the bisphosphine coordinated cations (Scheme 4.15). This was supported from the observation
of two sets of Cp pseudo triplets in the 1H NMR spectra of 4.39, 4.40 and 4.41 in
CD3CN. Furthermore, when CD3CN was removed in vacuo, again only one set of Cp
pseudo triplets was observed, which indicates that the coordination of CD3CN is
reversible (Figure 4.6).
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Si
[B(C6F5)4]

Ni

Si

CD3CN

PPh3 Ph

Ph3P

[B(C6F5)4]

Ni
N

Ph3P

4.39

4.39a'

Ph
CD3

4.39 in CDCl3
(after removal
of CD3CN)
4.39 in CD3CN

Figure 4.6. The 1H NMR spectrum of 4.39 in CD3CN (below), and after removal of
CD3CN (in CDCl3 above), showing an equilibrium between 4.39 and 4.39a$ in CD3CN.
The peaks marked with blue dots represent the compound 4.39a$.
In case of 4.38, the halide abstraction went cleanly only in the presence of a
coordinating solvent such as CH3CN generating the CH3CN coordinated Ni cations (4.42
and 4.43) (Scheme 4.16). The presence of acetonitrile was confirmed from 1H NMR, 13C
NMR and elemental analysis (EA). Acetonitrile coordinated CpNi cations have been
reported earlier; however, no structural characterization was provided and they were
reported as unstable in solution.31 In our case, 4.42 was found to be more stable in
comparison to 4.43, however, all efforts to obtain X-ray quality crystals resulted in only
precipitation of oily residues.

Ge
Cl

Ph3P
4.38

Ge

CH3CN

Ni
Ph

MX

[X]

Ni
Ph3P

N

Ph

n

MX = K[B(C6F5)4], X = [B(C6F5)4], n = 1 (4.42)
MX = Na2[B12Cl12], X = [B12Cl12], n = 2 (4.43)

Scheme 4.16. Synthesis of nickel cations 4.42 and 4.43.
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4.4.3. Ligand Displacement Reactions
There are not many examples of substituted or unsubstituted C5R5Ni(II)Cl
complexes with PMe3 ligands, possibly due to the difficulty in their preparation and
purification using NiCl2(PMe3)2 precursor.42 To the best of our knowledge, there is only
one report of CpNi(PMe3)Cl, which was prepared by the oxidation of nickelocene in
acidic solution in the presence of PMe3.43 Substitution of the bulkier PPh3 with PMe3 was
attempted in order to investigate any change in coordination of the pendent alkyne.
A 1:1 stoichiometric reaction of 4.36 with PMe3 resulted in no colour change.
When the reaction mixture was monitored by

31

P{1H} NMR spectroscopy several peaks

were observed (Figure 4.7). However, on addition of a second equivalent of PMe3, the
solution turned from red to green and a single peak was observed from

31

P{1H} NMR

spectroscopy at -5 ppm (Scheme 4.17). The solvent was removed in vacuo, the residue
redissolved in a minimum amount of DCM and Et2O was added to precipitate out green
solids, which were washed twice with Et2O and dried in vacuo. Proton NMR spectra of
the solids revealed the absence of PPh3 and the presence of two overlapping doublets (ca.
1.62 ppm) corresponding to two PMe3 ligands (4.44). X-ray quality crystals were
obtained by the slow diffusion of Et2O into a DCM solution of 4.44 and the X-ray data
confirmed the presence of two PMe3 ligands and a cationic Ni centre (Figure 4.12). This
was however, different from the expected substitution of only the PPh3 with PMe3
resulting in the formation of 4.45.42

129

1 equiv. PMe3

2 equiv. PMe3

Figure 4.7. In situ 31P{1H} NMR spectrum of 4.36; with one equivalent of PMe3 (top),
and two equivalents of PMe3 (bottom).

Si
Ni

Ni

DCM
Cl

Ph3P

Si

2PMe3
Ph

4.36

Cl
PMe3 Ph

Me3P
4.44

Si

-Me3P-BPh3
BPh3

Ni
Cl

Me3P

Ph

4.45

Scheme 4.17. Treatment of 4.36 with two equivalent of PMe3 followed by abstraction of
one PMe3 with triphenylborane.
Alternatively, abstraction of one of the PMe3 ligands from 4.44 with Lewis acidic
triphenylborane was attempted. Elimination of PMe3 as a borane-phosphine Lewis acidbase adduct was an anticipated outcome (Scheme 4.17) and was confirmed from 31P{1H}
NMR spectroscopy, which showed a peak at -11.0 ppm (4.45) and -14.3 ppm (PMe3BPh3 complex44). The peak at -11.0 ppm was also observed in the

31

P{1H} spectrum of

the reaction of 4.36 with one equivalent of PMe3 (Figure 4.7). We speculate the two
doublets in figure 4.5 at -8.4 and 41.9 ppm (2JP-P = 56.6 Hz) correspond to the PMe3-PPh3
substituted Ni cation 4.46 (Scheme 4.18) based on spectral similarity with previous
reports of such compounds.39
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Si

Ph3P

31P

Cl

Si

Si

PMe3

Ni

Cl

Ni

DCM
Ph

PMe3 Ph

Me3P

4.36
(! (ppm)) 27.8

+

Cl

Me3P

4.44
-5.0

Si
+

Ni

Ph

Cl

Ni
Ph3P

4.45
-11.0

PMe3 Ph

4.46
-8.4 (d), 41.9 (d)

Scheme 4.18. A mixture of compounds generated from the treatment of 4.36 with one
equivalent of PMe3 (see Figure 4.7).
A similar reaction with the tetramethylsubstituted compound 4.38 showed
different reactivity where, only the PPh3 substituted product 4.47 was formed (Scheme
4.19), even in the presence of excess PMe3. This could be attributed to the steric bulk of
the ligand, which does not allow two PMe3 ligands to fit in or coordinate to the metal
centre. Although, the ligand displacement reactions for the formation of 4.45 and 4.47
were shown to progress by 1H and

31

P{1H} NMR spectroscopy, the purification of the

PMe3 substituted compounds 4.45 and 4.47 proved non-trivial, and so, these compounds
could not be thoroughly characterized.

Ge
Ni
Cl

Ph3P
4.38

Ge

PMe3
Ph

Et2O

Ni
Cl

Me3P

Ph

4.47

Scheme 4.19. Substitution of PPh3 in 4.38 with one equivalent of PMe3.
4.4.4. Solid-State Structures
The solid-state structures of Ni chlorides 4.36, 4.37, 4.38 (Figure 4.8-4.10) and Ni
cations 4.41 and 4.44 (Figure 4.11, 4.12) are reported. Selected bond lengths and angles
are given in Table 4.2 and X-ray collection details in Table 4.3. The geometry at the Ni
centre in these complexes has been described as distorted trigonal bipyramidal
considering the Cp as a 6!-electron ligand occupying three coordination sites.30,35 An
intermediate distortion is observed in the Cp ring of chlorides 4.36 and 4.37 and an eneallyl type distortion is observed in 4.38, 4.41 and 4.44 with C(3)-C(4) being the shortest
C-C bond (Table 4.2) placed opposite to the substituted carbon C(1) in all cases. This is
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based on the observation that for ene-allyl type distortion the adjacent short C-C bonds
have lengths that differ by 0.01 Å or less.35,45-48 The range of Ni-C bond lengths from
2.066(4) Å to 2.198(4) Å with Ni(1)-C(2) and Ni(1)-C(5) bond lengths shorter than the
other three Cp ring carbon atoms, further supports the fact that the Ni atom is slipped
from the centre of the Cp ring. The Ni-Cl and Ni-P bond lengths in chlorides 4.36, 4.37,
4.38 lie within the reported values for other analogues.46
The 1H and 13C NMR spectra of all compounds provide further evidence for ring
distortion. For all C5H4 complexes, a doublet (for 4.36 and 4.37) or pseudo triplet
(originating from two overlapping doublets) (for 4.39, 4.40, 4.41 and 4.44) was observed
in the 13C NMR spectrum for the %-carbon atoms of the cyclopentadienyl ring with 2JC-P
ranging from 3.1 to 5.4 Hz. For C5Me4 complexes (4.38, 4.42, 4.43 and 4.47), a doublet
was observed in the 1H NMR spectra for the methyl protons on the %-carbon atoms of the
cyclopentadienyl ring with long range phosphorus coupling (4JC-P ranging from 2.0 - 4.3
Hz). For compound 4.42, doublets could be observed for the methyl protons on &-carbon
as well as for the coordinated CH3CN with smaller coupling constants (4JC-P = 1.2 Hz). A
1

H{31P} spectrum was acquired for 4.42, which made the doublet fuse into a singlet thus

confirming coupling to

31

P nuclei. The

13

C NMR spectra of 4.42, 4.43 and 4.47 also

showed doublets for the %-carbon of the C5Me4 ring (2JC-P = 3.4 - 4.6 Hz). This
observation of coupling of the %-carbon (Cp ) with the 31P atom more strongly than the &
!

carbon (Cp ) suggests that all carbons of the Cp ring are not equivalent and provides a
"

correlation of the solution behaviour of the molecules in conjunction with the solid-state
phenomena.
For the bis-phosphine compound 4.41, Ni-P(2) (2.211(1) Å) is slightly longer than
Ni-P(1) (2.181(1) Å) and spans the upper limit of other reported Ni-P bonds in similar
environments.30,35 This explains the lability of one of the PPh3 molecules in cations 4.394.41. Nickel-P bonds are weaker in cationic species 4.41 compared to 4.36 and stronger
in 4.44 (Table 4.2). This is possibly due to the presence of the more nucleophilic PMe3 in
4.44 as opposed to PPh3 in 4.41, which is also sterically encumbered. However, based on
the cationic nature of 4.41, the Ni-P bonds would be expected to be stronger than that of
4.36. This can be explained in terms of the lower compatibility between the soft Lewis
base PPh3 and harder Lewis acidic cationic Ni centre.32 The P(1)-Ni(1)-P(2) angle is
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larger (ca. 102.4°) in 4.41 as compared to 4.44 (ca. 98.8°) again due to the presence of
bulkier PPh3 groups.
The pendent alkyne moiety is oriented away from the Ni centre in all chlorides as
well as the Ni cations and shows no interaction with the metal.

Figure 4.8. Solid-state structure of compound 4.36. Thermal ellipsoids are drawn to 50%
probability and hydrogen atoms are removed for clarity.
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Figure 4.9. Solid-state structure of compound 4.37. Thermal ellipsoids are drawn to 50%
probability and hydrogen atoms are removed for clarity.

Figure 4.10. Solid-state structure of compound 4.38. Thermal ellipsoids are drawn to
50% probability and hydrogen atoms are removed for clarity.
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Figure 4.11. Solid-state structure of compound 4.41. Thermal ellipsoids are drawn to
50% probability. Hydrogen atoms and [B12Cl12]2- anion are removed for clarity.

Figure 4.12. Solid-state structure of compound 4.44. Thermal ellipsoids are drawn to
50% probability and hydrogen atoms are removed for clarity.
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4.36

4.37

4.38

Ni(1)-Cl(1)

2.186(1)

2.179(1)

2.191(1)

Ni(1)-P(1)

2.171(1)

2.168(1)

2.163(1)

4.41

4.44

2.181(1)

2.1540(6)

2.211(1)

2.1548(6)

Bond Lengths (Å)

Ni(1)-P(2)
Ni(1)-C(1)

2.160(3)

2.175(5)

2.132(4)

2.175(4)

2.145(2)

Ni(1)-C(2)

2.098(3)

2.104(4)

2.122(4)

2.101(4)

2.078(2)

Ni(1)-C(3)

2.180(4)

2.163(4)

2.198(4)

2.151(4)

2.124(2)

Ni(1)-C(4)

2.139(4)

2.112(4)

2.161(4)

2.152(4)

2.132(2)

Ni(1)-C(5)

2.066(4)

2.067(4)

2.078(4)

2.090(4)

2.090(2)

Ni(1)-Cpcentroid

1.75±0.01 1.75±0.01 1.76±0.01 1.76±0.01 1.73±0.01

C(1)-C(2)

1.428(5)

1.439(7)

1.422(5)

1.433(6)

1.425(3)

C(2)-C(3)

1.428(6)

1.425(7)

1.449(5)

1.445(6)

1.442(3)

C(3)-C(4)

1.384(6)

1.387(7)

1.393(5)

1.384(6)

1.388(3)

C(4)-C(5)

1.445(5)

1.448(6)

1.475(5)

1.437(6)

1.440(3)

C(5)-C(1)

1.424(5)

1.413(6)

1.427(5)

1.426(6)

1.429(3)

E(1)[a]-C(8)

1.839(4)

1.838(8)

1.928(4)

1.812(6)

1.844(2)

E(1)[a]-C(1)

1.850(4)

1.862(5)

1.949(4)

1.873(5)

1.857(2)

C(8)-C(9)

1.204(6)

1.179(9)

1.194(5)

1.258(7)

1.200(3)

96.36(4)

93.39(5)

91.17(5)
102.38(4)

98.76(2)

Bond Angles (°)
P(1)-Ni(1)-Cl(1)
P(1)-Ni(1)-P(2)
E(1)-C(8)-C(9)

172.5(4)

177.0(6)

173.7(4)

171.1(5)

174.8(2)

C(8)-C(9)-C(10)

177.2(5)

177.2(7)

175.3(4)

176.1(6)

178.4(3)

C(1)-E(1)-C(8)

107.7(2)

106.7(2)

108.3(2)

113.7(2)

109.40(9)

[a] E = Si for 4.36, 4.37, 4.41, 4.44 and Ge for 4.38

Table 4.2. Selected bond lengths and bond angles for compounds 4.36, 4.37, 4.38, 4.41
and 4.44.
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4.36

4.37

4.38

4.41

4.44

Empirical
formula
Formula weight

C33H30Cl1Ni1P1Si1

C30H32Cl1Ni1P1Si1

C37H38Cl1Ge1 Ni1P1

C51H45B6Cl6Ni1P2Si1

C21H33Cl1Ni1P2Si1

579.79

545.78

680.39

1084.17

469.66

Crystal system
Space group

Monoclinic
P2(1)/c

Monoclinic
P2(1)/c

Monoclinic
P2(1)/c

Monoclinic
P2(1)/c

Monoclinic
C2/c

a (Å)

13.674(3)

15.503(3)

11.953(2)

11.5399(10)

36.1557(12)

b (Å)

10.299(2)

10.677(2)

20.762(4)

31.469(2)

7.9115(2)

c (Å)

21.885(7)

19.911(7)

16.249(6)

17.7208(13)

18.0687(6)

! (deg)

109.85(3)

123.94(2)

126.37(2)

127.502(4)

113.581(3)

V (Å )
Z
Dc (Mg m-3)

2898.9(13)
4
1.328

2734.3(12)
4
1.326

3246.8(15)
4
1.392

5105.3(7)
4
1.411

4736.9(3)
8
1.317

µ (mm-1)

0.878

0.926

1.662

0.817

1.121

Observed
reflections
Data-restraintsparameters
R indices
[I>2!(I)]a,b
R indices (all
data)a,b

12801

11817

12498

42490

23406

6660 - 0 - 336

6287 - 0 - 310

7381 - 0 - 376

10439 - 0 - 606

5417 - 0 - 235

0.053, wR2 = 0.138

0.058, wR2 = 0.151

0.049, wR2 = 0.123

0.054, wR2 = 0.115

0.031, wR2 = 0.066

0.094, wR2 = 0.172

0.118, wR2 = 0.192

0.093, wR2 = 0.160

0.101, wR2 = 0.132

0.050, wR2 = 0.070

3

a

R(F) = !| |Fo|" |Fc| |/!|Fo|; wR(F2) = [!w(Fo2 " Fc2)2]1/2; S = [!w(Fo2 " Fc2)2/(n " p)]1/2 (n = no. of data; p = no. of parameters varied.b w = 1/[#2(Fo2) +
(aP)2 + bP] where P = (Fo2 + 2Fc2)/3 and a and b are constants suggested by the refinement program.

Table 4.3. Crystal data for compounds 4.36, 4.37, 4.38, 4.41 and 4.44.
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4.5. Conclusions
The reactivity of the alkyne-appended ligands in the synthesis of Co(I) and Ni(II)
complexes was studied. From the reaction of ICo(CO)4 with LiCpSiMe2C2Ph (3.3), the
dicarbonyl cobalt complex 4.27 could not be thoroughly characterized due to difficulties
in isolation and purification of the desired compound. Similar reaction of ICo(CO)4 with
K(C4Me4)GeMe2C2Ph (3.15) did not work and so an alternative route was followed.
Reaction of (C4Me4H)GeMe2Cl (3.13a) with Co2(CO)8 resulted in a 3:1 formation of the
dicarbonyl complex ((C4Me4)GeMe2Cl)Co(CO)2 (4.30) and unwanted (C4Me4H)Co(CO)2
(4.31), respectively. Formation of 4.31 is anticipated to occur from the cleavage of the
Cpipso-Ge bond. Halide replacement in 4.30 with LiC2Ph resulted in the formation of the
dicarbonyl complex 4.32 featuring a non-chelating pendent alkyne moiety. Attempts to
replace one of the CO ligands in 4.32 with the pendent alkyne were unsuccessful.
Reaction of (C4Me4H)SnMe2Cl (3.16a) with Co2(CO)8 resulted in the formation of 4.31
and (SnMe2Cl)2 (4.34) due to the cleavage of the weak Cpipso-Sn bond. No formation of
dicarbonyl complex ((C4Me4)SnMe2Cl)Co(CO)2 was observed in the case of Snsubstituted ligand 3.16a.
Half sandwich nickel chlorides (4.36, 4.37 and 4.38) have been prepared with the
alkyne-appended ligands 3.3, 3.5 and 3.15, respectively. On chloride abstraction,
compounds 4.36 and 4.37 with the less bulky Cp ligand resulted in the formation of bisphosphine coordinated complexes 4.39-4.41. The bulkier complex 4.38, with a
tetramethylated Cp ligand, resulted in the coordination of CH3CN. In either case, the Ni
centre did not show any interaction with the pendent alkyne.
Failure of the pendent alkyne to coordinate to the metal centre (Co and Ni) leads
us to conclude that a single bridging atom (E = Si, Ge, Sn) between the Cp and alkyne
moieties might not be sufficient to provide chelation to the central metal atom.
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4.6. Experimental
4.6.1. Materials
Iodine, Co2(CO)8, NiCl2(PPh3)2, K[B(C6F5)4] and PMe3 were purchased from Aldrich
Chemical Company and used as received. Na2[B12Cl12]49 was prepared using literature
procedures.
4.6.2. Synthesis
4.6.2.1. Synthesis of Cobalt Complexes
Attempted synthesis of 4.27: An iodine solution (0.37 g, 1.47 mmol; n-hexane, 50 mL)
was added to a solution of Co2(CO)8 (0.50 g, 1.47 mmol; n-hexane, 15 mL) at RT in five
batches at intervals of 10 min each and stirred for an additional 1.5 h after addition. The
solution was then filtered to remove the solids and to the clear red solution (ICo(CO)4)
was added solid LiC5H4SiMe2C2Ph (3.3) (0.34 g, 1.47 mmol) and 2.5 mL THF. The
reaction mixture was allowed to warm up to RT overnight (18 h), filtered to remove the
LiI and the volatiles removed in vacuo. The crude residue showed the presence of 4.27
and free ligand CpSiMe2C2Ph (3.1) in a 3:1 ratio. More free ligand was observed when
the reaction was carried out at LT (-78 °C). The crude product was sublimed under
vacuum for 2 days to remove most of the free ligand and a brown oil was left behind
(4.27).
(Note: When no THF was added during the reaction, another set of SiMe2 (! = 0.54 ppm)
and Cp protons (! = 4.50, 4.68 ppm) were observed in the 1H NMR spectrum).
Yield 0.19 g, 42%.
1

H NMR (C6D6, ! (ppm)): 0.41 (s, 6H, SiMe2), 4.65 (pt, 2H, Cp), 4.71 (pt, 2H, Cp), 6.92

(m, 3H, Ph), 7.49 (m, 2H, Ph).
FT-IR (cm-1) (ranked intensity): 398 (15), 538 (12), 615 (14), 690 (8), 757 (9), 801 (1),
849 (4), 1028 (6), 1258 (3), 1488 (10), 1960 (5) (CO), 2025 (2) (CO), 2068 (13), 2160 (7)
(CCalkyne), 2962 (11).
Attempted synthesis of 4.29: An iodine (0.17 g, 0.68 mmol; Et2O, 6 mL) was added to a
solution of 4.27 (0.23 g, 0.68 mmol; Et2O, 15 mL) at 0 °C and the reaction mixture
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stirred for 3.5 h after which, the solution was filtered to remove any solids, volatiles were
removed in vacuo and the residue was sublimed to remove some impurities. The stuff left
behind after sublimation was collected. Some free ligand (3.1) impurity was carried over
from the previous step.
Yield 0.34 g, 84%.
1

H NMR (C6D6, ! (ppm)): 0.46 (s, 6H, SiMe2), 4.86 (b, 2H, Cp), 4.88 (b, 2H, Cp), 6.94

(m, 3H, Ph), 7.49 (m, 2H, Ph).
FT-IR (cm-1) (ranked intensity): 470 (11), 689 (7), 757 (6), 799 (1), 850 (5), 885 (12),
1026 (2), 1259 (4), 1385 (13), 1442 (14), 1487 (10), 2067 (3) (CO), 2159 (8) (CCalkyne),
2918 (15), 2962 (9).
Synthesis of 4.30: Dicobalt octacarbonyl (0.67 g, 1.96 mmol) and 1,3-cyclohexadiene
(2.50 mL, 26.2 mmol) were added to a solution of (C4Me4H)GeMe2Cl (3.13a) (1.00 g,
3.92 mmol; DCM, 50 mL) at RT and the reaction mixture was stirred in dark for 20 h
under N2. The solvent was then removed and the residue redissolved in n-pentane and
filtered to remove the green solids formed during the reaction. The red n-pentane solution
(a 3:1 mixture of 4.30:4.31) was used as is in the next step without isolation of 4.30 due
to its instability.
1

H NMR (C6D6, ! (ppm)): 0.79 (s, 6H, Me), 1.50 (s, 6H, Me), 1.62 (s, 6H, Me).

FT-IR (cm-1) (ranked intensity): 546 (14), 587 (13), 617 (5), 783 (4), 810 (8), 1022 (12),
1125 (15), 1241 (7), 1383 (6), 1448 (10), 1943 (2) (CO), 2004 (1) (CO), 2050 (11), 2858
(9), 2917 (3).
Synthesis of 4.32: A solution of LiC2Ph (0.85 g, 7.84 mmol; Et2O, 5 mL) was added to
the red solution of 4.30 obtained above, at RT. The reaction mixture was stirred for 2 h,
after which, the volatiles were removed in vacuo, the residue redissolved in n-pentane
and filtered through neutral alumina under N2. The solvent was then removed and the
red-brown residue was subjected to sublimation at RT. Red solids were obtained on the
cold finger (-20 °C) which were identified as (C4 Me4H)Co(CO)2 (4.31) based on 1H and
13

C NMR spectra. The residue left behind was heated at 50 °C under vacuum overnight to

remove other volatile impurities, leaving behind 4.32.
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Yield 0.73 g, 40% (based on 3.13a).
Compound 4.31:
1

H NMR (C6D6, ! (ppm)): 1.55 (s, 6H, Me), 1.58 (s, 6H, Me), 4.48 (s, 1H, CH).

1

H NMR (CDCl3, ! (ppm)): 1.86 (s, 6H, Me), 1.95 (s, 6H, Me), 4.86 (s, 1H, CH).

13

C{1H} NMR (CDCl3, ! (ppm)): 10.7 (Cp(Me)), 12.3 (Cp(Me)), 84.0 (Cp(CH)), 96.9

(Cp), 99.5 (Cp), 207.4 (CO).
FT-IR (cm-1) (ranked intensity): 499 (12), 545 (3), 616 (4), 820 (7), 1035 (9), 1261 (14),
1332 (13), 1383 (8), 1366 (6), 1453 (10), 1943 (2) (CO), 2005 (1) (CO), 2281 (15), 2919
(5), 2980 (11).
Compound 4.32:
1

H NMR (C6D6, ! (ppm)): 0.69 (s, 6H, Me), 1.62 (s, 6H, GeMe2), 1.81 (s, 6H, Me), 6.94-

6.97 (m, 3H, Ph), 7.49-7.52 (m, 2H, Ph).
13

C{1H} NMR (C6D6, ! (ppm)): 3.1 (GeMe2), 10.9 (Cp(Me)), 13.1 (Cp(Me)), 88.0

(Cpipso), 94.3 (CC-GeMe2), 102.0 (Cp), 102.9 (Cp), 106.5 (CC-Ph), 124.5 (Ph), 128.90
(Ph), 128.92 (Ph), 132.5 (Ph), 222.0 (CO).
FT-IR (cm-1) (ranked intensity): 534 (14), 547 (10), 568 (12), 616 (7), 691 (5), 757 (4),
809 (3), 1027 (15), 1444 (11), 1488 (8), 1940 (2) (CO), 2003 (1) (CO), 2159 (6)
(CCalkyne), 2916 (9), 2979 (13).
ESI-MS (m/z, %): M+ + 1 - 2CO (385, 40%), M+ + 1 (441, 10%).
HRMS (ESI) for C21H24CoGeO2 (found/calculated): (441.033/441.032).
Synthesis of 4.33: Trimethylphosphine (111 "L, 1.07 mmol) was added to a solution of
4.32 (0.47 g, 1.07 mmol; C6D6, 0.6 mL) in a J-Young tube and the NMR tube was placed
in an oil bath at 60 ºC for 3 h. Reaction completion was checked by 1H NMR
spectroscopy and then, the solvent and excess PMe3 were removed in vacuo. The residue
was redissolved in n-pentane and filtered to remove brown solids. The filterate was
concentrated to obtain 4.33.
Yield 0.20 g, 38%.
1

H NMR (C6D6, ! (ppm)): 0.82 (s, 6H, GeMe2), 1.05 (d, 2JP-H = 8.6 Hz, 9H, PMe3), 1.84

(d, 4JP-H = 0.4 Hz, 6H, Me), 1.94 (d, 4JP-H = 2.0 Hz, 6H, Me), 6.97-6.99 (m, 3H, Ph), 7.477.49 (m, 2H, Ph).
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31

P{1H} NMR (C6D6, ! (ppm)): 11.3.

13

C{1H} NMR (C6D6, ! (ppm)): 3.8 (GeMe2), 11.8 (Cp (Me)), 13.7 (Cp (Me)), 20.8 (d,
!

"

PMe3, 1JC-P = 27.6 Hz), 84.0 (Cpipso), 96.39 (d, Cp ), 96.42 (CC-GeMe2), 98.9 (Cp ),
"

!

105.8 (CC-Ph), 124.9 (Ph), 128.8 (Ph), 128.9 (Ph), 132.4 (Ph), CO not observed.
FT-IR (cm-1) (ranked intensity): 671 (15), 691 (6), 757 (2), 809 (4), 948 (3), 1420 (12),
1444 (10), 1488 (8), 1904 (1) (CO), 1943 (11), 2005 (14), 2158 (9) (CCalkyne), 2861 (13),
2908 (5), 2971 (7).
ESI-MS (m/z, %): M+ - [CO + PMe3] (383, 100%).
HRMS (ESI) for C23H32CoGeOP (found/calculated): (488.075/488.073).
Attempted synthesis of (C5Me4SnMe2Cl)Co(CO)2: A solution of (C5Me4H)SnMe2Cl
(3.16a) (1.00 g, 3.92 mmol; DCM, 50 mL) was added to dicobalt octacarbonyl (1.30 g,
3.80 mmol) and 1,3-cyclohexadiene (1.70 mL, 17.8 mmol) at RT and the reaction
mixture was stirred in dark for 20 h under N2. The solvent was then removed and the
residue redissolved in n-pentane and filtered to remove the green solids formed during
the reaction. Proton NMR of the crude mixture revealed a nearly 1:1 mixture of
4.30:4.34). The mixture was used as it is for the next step. A 10 mL aliquot was worked
up to obtain 50 mg sample of 4.34 for characterization. The residue was redissolved in npentane and cooled to -30 ºC. Pale white solids precipitated out which were collected and
washed thrice with cold n-pentane to remove 4.30.
Compound 4.34:
1

H NMR (CDCl3, ! (ppm)): 1.12 (s, 6H, 2JSn-H = 36.0 Hz, SnMe2).

13

C{1H} NMR (CDCl3, ! (ppm)): 6.9 (SnMe2).

119

Sn{1H} NMR (CDCl3, ! (ppm)): -127.1.

Synthesis of 4.35: Crude mixture of 4.30 and 4.34 was treated with LiC2Ph (0.45 g, 4.14
mmol; Et2O, 5 mL) and stirred for 2 h, after which, the volatiles were removed in vacuo
(including 4.30), the residue redissolved in n-pentane and filtered. The filtrate was
concentrated and brown solids were obtained, washed twice with n-pentane and dried to
obtain 4.35.
Yield 0.10 g, 14% (based on 3.16a).
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1

H NMR (CDCl3, ! (ppm)): 0.62 (s, 6H, 2JSn-H = 67.0 Hz, SnMe2), 7.29-7.31 (m, 3H, Ph),

7.49-7.51 (m, 2H, Ph).
13

C{1H} NMR (CDCl3, ! (ppm)): -5.7 (SnMe2), 90.4 (CC-SnMe2), 109.6 (CC-Ph), 123.3

(Phipso), 128.4 (Ph), 128.7 (Ph), 132.3 (Ph).
119

Sn{1H} NMR (CDCl3, ! (ppm)): -146.7.

4.6.2.2. Synthesis of Nickel Complexes
Synthesis of 4.36: Solid LiCpSiMe2C2Ph (3.3) (0.45 g, 2.00 mmol) was added in
portions (over 5 min) to a slurry of NiCl2(PPh3)2 (1.31 g, 1.96 mmol; toluene 20 mL),
followed by THF (4 mL) and the reaction was stirred for 6 h. The solution turned dark
red during this time. 6 mL of n-pentane was added to the reaction mixture, the precipitate
was allowed to settle, the supernatant removed and concentrated in vacuo. The solids
were then washed with n-pentane (20 mL) followed by 3-4 batches of Et2O till the
washings were colourless. The n-pentane wash was discarded and the Et2O wash was
kept at -30 ºC (keeping the batches separate). Red solids precipitated out of the Et2O
batches were collected and tested by 1H NMR for the absence of any NiCl(PPh3)3 byproduct, before carrying on the next step. The Et2O precipitation was repeated if
necessary. Yield (0.62 g, 55%). X-ray quality crystals were obtained from a concentrated
Et2O solution of 4.36 at -30 ºC.
Yield 0.62 g, 55%. DP: 110 ºC.
1

H NMR (C6D6, ! (ppm)): 0.70 (s, 6H, Me), 4.75 (b, 2H, Cp), 5.19 (b, 2H, Cp), 6.88-6.92

(m, 3H, Ph), 7.0 (b, 9H, Ph), 7.43 (d, 2H, Ph), 7.97 (bt, 6H, Ph).
1

H NMR (CDCl3, ! (ppm)): 0.56 (s, 6H, Me), 4.61 (b, 2H, Cp), 5.40 (b, 2H, Cp), 7.27-

7.42 (m, 14H, Ph), 7.84 (t, 6H, Ph).
1

H NMR (CD3CN, ! (ppm)): 0.51 (s, 6H, Me), 4.62 (b, 2H, Cp), 5.37 (b, 2H, Cp), 7.32-

7.49 (m, 14H, Ph), 7.82 (b, 6H, Ph).
31

P{1H} NMR (CD3CN, ! (ppm)): 27.8.

13

C{1H} NMR (C6D6, ! (ppm)): 0.83 (Me), 94.1 (SiCC), 97.5 (d, 2JC-P = 5.4 Hz, Cp ),
"

97.7 (Cp ), 106.4 (Cpipso), 107.1 (CCPh), 124.1 (Ph), 128.8 (d, Phmeta(PPh3), 3JC-P = 9.9
!
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Hz), 129.1 (Ph), 130.8 (Phpara(PPh3)), 132.7 (Ph), 132.9 (Ph), 133.4 (d, Phipso(PPh3), 1JC-P
= 46.0 Hz), 134.86 (d, Phortho(PPh3), 2JC-P = 10.7 Hz).
29

Si NMR (C6D6, ! (ppm)): -27.0. FT-IR (cm-1) (ranked intensity): 440 (14), 512 (2), 533

(3), 694 (1), 745 (6), 789 (7), 847 (5), 1071 (13), 1094 (8), 1158 (10), 1246 (15), 1367
(12), 1434 (4), 1482 (9), 2162 (11) (CCalkyne).
ESI-MS (m/z, %): PPh3 (263, 100%), M+ - [PPh3 + Me]+ (563, 10%).
EA (found/calculated): C (68.60/68.36), H 5.30/5.22).
Synthesis of 4.37: A solution of LiCpSiMe2C2C3H7 (3.5) (1.45 g, 7.40 mmol; THF 6
mL) was added to a slurry of NiCl2(PPh3)2 (4.94 g, 7.40 mmol; toluene 26 mL) and the
reaction was stirred for 6 h. Work-up was similar to that for compound 4.36 resulting in a
dark pink solid. X-ray quality crystals were obtained from a concentrated n-pentane
solution of 4.37 at -30 ºC.
Yield 1.00 g, 25%. DP: 70 ºC.
1

H NMR (C6D6, ! (ppm)): 0.67 (s, 6H, Me), 0.82 (t, 3H, CH2CH2CH3), 1.33 (m, 2H,

CH2CH2CH3), 1.97 (t, 2H, CH2CH2CH3), 4.77 (pt, 2H, Cp), 5.14 (pt, 2H, Cp), 7.04 (b,
9H, Ph), 7.92-7.97 (m, 6H, Ph).
1

H NMR (CDCl3, ! (ppm)): 0.45 (s, 6H, Me), 0.94 (t, 3H, CH2CH2CH3), 1.48 (m, 2H,

CH2CH2CH3), 2.12 (t, 2H, CH2CH2CH3), 4.58 (pt, 2H, Cp), 5.34 (pt, 2H, Cp), 7.38-7.46
(m, 9H, Ph), 7.81-7.86 (m, 6H, Ph).
31

P{1H} NMR (CDCl3, ! (ppm)): 27.8.

13

C{1H} NMR (C6D6, ! (ppm)): 1.1 (SiMe2), 13.9 (CH2CH2CH3), 22.5 and 22.6

(CH2CH2CH3), 84.4 (SiCC), 97.3 (Cp ), 97.6 (d, Cp , 2JC-P = 3.4 Hz), 107.4 (Cpipso), 109.0
!

"

(CCCH2), 128.8 (d, Phmeta(PPh3), 3JC-P = 9.2 Hz), 130.8 (Phpara(PPh3)), 133.6 (d,
Phipso(PPh3), 1JC-P = 45.9 Hz), 134.9 (d, Phortho(PPh3), 2JC-P = 10.2 Hz).
29

Si NMR (C6D6, ! (ppm)): -28.0.

FT-IR (cm-1) (ranked intensity): 510 (3), 721 (5), 745 (1), 1027 (4), 1118 (6), 1154 (8),
1188 (9), 1248 (7), 1367 (10), 1435 (2), 1480 (11), 1586 (15), 2172 (13) (CCalkyne), 2960
(12), 3054 (14).
ESI-MS (m/z, %): PPh3 (263, 100%).
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HRMS (ESI) for C30H32NiPSiClNa (found/calculated): (567.096/567.095) (Mass Spec
done in the presence of NaCl).
EA (found/calculated): C (66.10/66.02), H (6.07/5.91).
Synthesis of 4.38: A solution of K(C5Me4)GeMe2C2Ph (3.15) (1.25 g, 3.44 mmol; THF 6
mL) was added to a slurry of NiCl2(PPh3)2 (1.90 g, 2.85 mmol; toluene 10 mL) and the
reaction was stirred for 6 h. Work-up was similar to that for compound 4.36 resulting in a
red solid. Repeated crystallizations were required in this case lowering the isolated yield.
X-ray quality crystals were obtained by a slow diffusion of n-pentane into a DCM
solution of 4.38 at -30 ºC.
Yield 1.23 g, 65% (for first crystallization); 0.38 g, 20% (after second crystallization).
DP: 130 ºC.
1

H NMR (CDCl3, ! (ppm)): 0.62 (d, 4JH-P = 2.0 Hz, 6H, C5Me4-Me ), 0.82 (s, 6H,
"

GeMe2), 1.74 (s, 6H), 7.32-7.44 (m, 14H, Ph), 7.98 (t, 6H, Ph).
1

H NMR (C6D6, ! (ppm)): 0.73 (d, 4JH-P = 3.1 Hz, 6H, C5Me4-Me ), 0.86 (s, 6H, GeMe2),
"

1.63 (s, 6H), 6.93-7.04 (m, 12H, Ph), 7.49 (t, 2H, Ph), 8.06 (t, 6H, Ph).
31

P{1H} NMR (CDCl3, !): 36.4 ppm.

13

C{1H} NMR (CDCl3, ! (ppm)): 2.0 (GeMe2), 9.3 (Cp (Me)), 11.5 (Cp (Me)), 94.3 (CC"

!

GeMe2), 99.8 (Cpipso), 104.7 (CC-Ph), 104.6 (Cp ), 111.8 (Cp ), 123.1 (Ph), 127.5 (d,
"

!

Phmeta(PPh3), 3JC-P = 10.0 Hz), 127.6 (Ph), 127.7 (Ph), 129.6 (Phpara(PPh3)), 131.4 (Ph),
131.7 (d, Phipso(PPh3), 1JC-P = 43.0 Hz), 134.4 (d, Phortho(PPh3), 2JC-P = 11.5 Hz).
FT-IR (cm-1) (ranked intensity): 492 (7), 510 (3), 535 (2), 588 (11), 608 (10), 696 (1),
750 (4), 806 (8), 838 (12), 1026 (14), 1095 (6), 1328 (13), 1435 (5), 1480 (9), 2154 (15)
(CCalkyne).
ESI-MS (m/z, %): PPh3O (279, 100%).
EA (found/calculated): C (65.31/65.31), H (5.69/5.63).
Synthesis of 4.39: Solid K[B(C6F5)4] (0.120 g, 0.165 mmol) was added to a solution of
PPh3 (0.046 g, 0.16 mmol) and 4.36 (0.095 g, 0.16 mmol; DCM 5 mL) and stirred for 1 h,
resulting in a change of the solution from red to brown. The solids were
filtered/centrifuged and the clear supernatant was concentrated in vacuo to give a sticky
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residue. The residue was washed twice with 1 mL of n-pentane and dried to give a brown
solid.
Yield 0.24 g, 97%. DP: 100 ºC.
1

H NMR (CDCl3, ! (ppm)): 0.39 (s, 6H, Me), 4.44 (b, 2H, Cp), 5.46 (b, 2H, Cp), 7.20-

7.45 (m, 35H, Ph).
31

P{1H} NMR (CDCl3, ! (ppm)): 33.7.

19

F{1H} NMR (CDCl3, ! (ppm)): -132.5, -163.1, -166.8.

13

C{1H} NMR (CDCl3, ! (ppm)): 0.43 (Me), 91.3 (SiCC), 101.5 (Cp ), 102.4 (pt, 2JC-P =
!

3.5 Hz, Cp ), 107.9 (Cpipso), 108.3 (CCPh), 122.3 (Ph), 128.8 (Ph), 128.9 (d, Phmeta(PPh3),
"

3

JC-P = 5.4 Hz), 129.0 (d, Phmeta(PPh3), 3JC-P = 5.4 Hz), 129.8 (Ph), 130.2 (d, Phipso(PPh3),

1

JC-P = 24.5 Hz), 130.5 (d, Phipso(PPh3), 1JC-P = 25.3 Hz), 131.7 (Phpara(PPh3)), 132.2 (Ph),

133.9 (d, Phortho(PPh3), 2JC-P = 5.4 Hz), 134.0 (d, Phortho(PPh3), 2JC-P = 5.4 Hz), 135.2,
137.7, 147.2, 149.6 (m, C6F5).
29

Si NMR (C6D6, ! (ppm)): -26.4.

11

B{1H} NMR (CDCl3, ! (ppm)): -16.8.

FT-IR (cm-1) (ranked intensity): 491 (16), 523 (6), 536 (8), 661 (10), 693 (5), 755 (7),
775 (9), 805 (12), 849 (14), 980 (2), 1091 (4), 1275 (13), 1374 (15), 1464 (1), 1513 (3),
1643 (11), 2158 (17) (CCalkyne).
ESI-MS (m/z, %): M+ - [B(C6F5)4] (805, 80%), M+ - [B(C6F5)4 + PPh3] (543, 100%).
HRMS (ESI) for C51H45NiP2Si (found/calculated): (805.213/805.212) and for C24F20B
(found/calculated): (677.980/677.981).
EA (found/calculated): C (61.19/60.63), H (3.13/3.05).
Synthesis of 4.40: A similar procedure was followed as for 4.39 using K[B(C6F5)4]
(0.346 g, 0.476 mmol), PPh3 (0.125 g, 0.476 mmol) and 4.37 (0.260 g, 0.476 mmol;
DCM 5 mL). The solids obtained were redissolved in Et2O and filtered through a celite
filter. The Et2O was then removed to obtain brown solids.
Yield 0.550 g, 80%. DP: 80 ºC.
1

H NMR (CDCl3, ! (ppm)): 0.32 (s, 6H, Me), 1.00 (t, 3H, CH2CH2CH3), 1.55 (m, 2H,

CH2CH2CH3), 2.24 (t, 2H, CH2CH2CH3), 4.40 (pt, 2H, Cp), 5.43 (pt, 2H, Cp), 7.24-7.28
(m, 6H, Ph), 7.36-7.43 (m, 9H, Ph).
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31

P{1H} NMR (CDCl3, ! (ppm)): 34.9.

19

F{1H} NMR (CDCl3, ! (ppm)): -132.6, -163.4, -167.0.

13

C{1H} NMR (CDCl3, ! (ppm)): 0.8 (SiMe2), 13.7 (CH2CH2CH3), 22.1 and 22.3

(CH2CH2CH3), 82.1 (SiCC), 101.6 (Cp ), 102.1 (pt, Cp , 2JC-P = 3.8 Hz), 108.9 (Cpipso),
!

"

111.2 (CCCH2), 128.9 (d, Phmeta(PPh3), 3JC-P = 5.4 Hz), 129.0 (d, Phmeta(PPh3), 3JC-P = 5.4
Hz), 130.1 (d, Phipso(PPh3), 1JC-P = 24.6 Hz), 130.6 (d, Phipso(PPh3), 1JC-P = 25.3 Hz),
131.7 (Phpara(PPh3)), 133.9 (d, Phortho(PPh3), 2JC-P = 5.4 Hz), 134.0 (d, Phortho(PPh3), 2JC-P
= 6.1 Hz), 135.2, 137.6, 147.2, 149.6 (m, C6F5).
29

Si NMR (CDCl3, ! (ppm)): -27.6.

11

B{1H} NMR (CDCl3, ! (ppm)): -17.0.

FT-IR (cm-1) (ranked intensity): 523 (7), 535 (10), 661 (13), 694 (6), 755 (8), 775 (9),
809 (11), 980 (2), 1092 (4), 1275 (14), 1437 (5), 1464 (1), 1514 (3), 1643 (12), 2174 (15)
(CCalkyne).
ESI-MS (m/z, %): M+ - [B(C6F5)4] (771, 80%), M+ - [B(C6F5)4] - PPh3 (510, 100%).
HRMS (ESI) for C48H47NiP2Si (found/calculated): (771.226/771.228) and for C24F20B
(found/calculated): (677.979/677.981).
EA (found/calculated): C (59.75/59.57), H (3.27/3.26).
Synthesis of 4.41: Solid Na2[B12Cl12] (0.108 g, 0.167 mmol) was added to a solution of
PPh3 (0.046 g, 0.167 mmol) and 4.36 (0.097 g, 0.167 mmol, CH3CN 5 mL) at RT
resulting in a colour change from red to yellow and the formation of a yellow precipitate.
The reaction mixture was stirred for 1 h after which the solids were removed by
centrifugation. The supernatant was concentrated and the solids obtained were washed
with Et2O (10 mL) and the ether wash discarded. The yellow solids left behind were dried
in vacuo. X-ray quality crystals were obtained from a CDCl3 solution of 4.41 at RT,
instantaneously.
Yield 0.14 g, 80%. DP: 75 ºC.
1

H NMR (CD2Cl2, ! (ppm)): 0.41 (s, 6H, SiMe2), 4.46 (b, 2H, Cp), 5.67 (b, 2H, Cp),

7.26-7.47 (m, 35H, Ph).
1

H NMR (CDCl3, ! (ppm)): 0.33 (s, 6H, SiMe2), 4.28 (b, 2H, Cp), 5.85 (b, 2H, Cp), 7.22-

7.37 (m, 35H, Ph).
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31

P{1H} NMR (CD2Cl2, ! (ppm)): 33.6.

13

C{1H} NMR (CD2Cl2, ! (ppm)): 0.70 (Me), 92.0 (SiCC), 102.4 (Cp ), 102.9 (pt, Cp ,
!

2

"

JC-P = 3.5 Hz), 107.9 (Cpipso), 108.4 (CCPh), 122.8 (Ph), 129.2 (Ph), 129.3 (d,

Phmeta(PPh3), 3JC-P = 5.4 Hz), 129.4 (d, Phmeta(PPh3), 3JC-P = 5.4 Hz), 130.0 (Ph), 130.6 (d,
Phipso(PPh3),

1

JC-P = 23.8 Hz), 130.9 (d, Phipso(PPh3),

1

JC-P = 23.8 Hz), 131.9

(Phpara(PPh3)), 132.5 (Ph), 134.4 (d, Phortho(PPh3), 2JC-P = 5.4 Hz), 134.5 (d, Phortho(PPh3),
2

JC-P = 5.4 Hz).

29

Si NMR (CD2Cl2, ! (ppm)): -26.4.

11

B{1H} NMR (CDCl3, ! (ppm)): -12.4.

FT-IR (cm-1) (ranked intensity): 438 (15), 487 (9), 536 (1), 693 (2), 748 (4), 823 (8), 849
(7), 910 (14), 1000 (10), 1031 (3), 1095 (6), 1372 (13), 1436 (5), 1481 (11), 2156 (12)
(CCalkyne).
ESI-MS (m/z, %): M+ - B(C6F5)4 (805, 50%), M+ - [B(C6F5)4 + PPh3] (543, 100%).
HRMS (ESI) for C51H45NiP2Si (found/calculated): (805.210/805.212).
EA (found/calculated): C (55.45/56.50), H (4.21/4.18).
Synthesis of 4.42: Solid K[B(C6F5)4] (0.146 g, 0.20 mmol) was added to a solution of
4.38 (0.115 g, 0.17 mmol; CH3CN 5 mL) and stirred for 30 min, resulting in a change of
the solution from red to yellow. The solution was concentrated to 1 mL and Et2O (7 mL)
was added resulting in the precipitation of white solids. The solids were removed and the
supernatant was concentrated in vacuo resulting in a yellow solid. The solid was
redissolved in Et2O and filtered through a short celite column. The Et2O was then
removed to obtain yellow solids.
Yield 0.22 g, 97%. DP: 90 ºC.
1

H NMR (CDCl3, ! (ppm)): 0.75 (s, 6H, GeMe2), 0.82 (d, 4JH-P = 4.3 Hz, 6H, C5Me4-

Me ), 1.36 (d, 4JH-P = 1.2 Hz, 3H, CH3CN), 1.52 (d, 4JH-P = 1.2 Hz, 6H, C5Me4-Me ), 7.27"

!

7.38 (m, 5H, Ph), 7.43-7.54 (m, 9H, Ph), 7.71-7.76 (m, 6H, Ph).
31

P{1H} NMR (CDCl3, ! (ppm)): 38.7.

19

F{1H} NMR (CDCl3, ! (ppm)): -132.6, -163.2, -166.9.

13

C{1H} NMR (CDCl3, ! (ppm)): 1.7 (GeMe2), 2.4 (CH3CN), 9.5 (Cp(Me)), 12.2

(Cp(Me)), 93.3 (CC-GeMe2), 101.4 (Cpipso), 106.1 (CC-Ph), 110.7 (d, Cp , 2JC-P = 3.4
"
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Hz), 113.2 (Cp ), 123.0 (Ph), 127.8 (CH3CN), 128.7 (Phpara(PPh3)), 129.0 (Ph), 129.2
!

(Ph), 129.3 (d, Phmeta(PPh3), 3JC-P = 10.4 Hz), 131.8 (d, Phipso(PPh3), 1JC-P = 16.1 Hz),
134.2 (d, Phortho(PPh3), 2JC-P = 11.5 Hz), 135.6, 137.2, 147.6, 149.1 (m, C6F5).
11

B{1H} NMR (CDCl3, ! (ppm)): -16.8.

FT-IR (cm-1) (ranked intensity): 661 (10), 695 (6), 726 (14), 756 (5), 775 (8), 809 (12),
840 (16), 980 (2), 1028 (13), 1091 (4), 1276 (9), 1374 (11), 1464 (1), 1514 (3), 1644 (7),
2157 (17) (CCalkyne), 2921 (15).
ESI-MS (m/z, %): M+ - (CH3CN + B(C6F5)4) (645, 100%), B(C6F5)4 (679, 10%).
HRMS (ESI) for C37H38GeNiP [M+ - CH3CN] (found/calculated): (645.128/645.128).
EA (found/calculated): C (55.66/55.43), H (3.02/3.03), N (1.10/1.03).
Synthesis of 4.43: Solid Na2[B12Cl12] (0.036 g, 0.06 mmol) was added to a solution of
4.38 (0.040 g, 0.06 mmol, CH3CN 3 mL) at RT resulting in a colour change from red to
yellow and the formation of an off-white precipitate. The reaction mixture was stirred for
1 h after which the solids were removed and the supernatant was concentrated in vacuo.
The residue was washed with Et2O (2 mL) and n-pentane (2 mL) the washings were
discarded. The solid left behind was redissolved in CHCl3 and filtered through celite and
CHCl3 was then removed in vacuo to obtain yelow-brown solids.
Yield 0.05 g, 86%. DP: 120 ºC.
1

H NMR (CDCl3, ! (ppm)): 0.74 (s, 6H, GeMe2), 0.83 (d, 4JH-P = 4.1 Hz, 6H, C5Me4-

Me ), 1.60 (s, 6H), 1.71 (s, 3H, CH3CN), 7.30-7.38 (m, 5H, Ph), 7.49-7.52 (m, 9H, Ph),
"

7.72-7.75 (m, 6H, Ph).
31

P{1H} NMR (CD3CN, ! (ppm)): 39.6.

13

C{1H} NMR (CDCl3, ! (ppm)): 2.1 (GeMe2), 4.4 (CH3CN), 10.1 (Cp(Me)), 12.6

(Cp(Me)), 93.6 (GeCC), 101.1 (Cpipso), 106.0 (CC-Ph), 110.3 (d, Cp , 2JC-P = 4.6 Hz),
"

113.8 (Cp ), 123.1 (Ph), 128.7 (Phpara(PPh3)), 128.8 (Ph), 129.0 (Ph), 129.3 (CH3CN),
!

129.4 (d, Phmeta(PPh3), 3JC-P = 10.0 Hz), 131.8 (d, Phipso(PPh3), 1JC-P = 10.7 Hz), 134.2 (d,
Phortho(PPh3), 2JC-P = 11.5 Hz).
11

B{1H} NMR (CDCl3, ! (ppm)): -12.7.
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FT-IR (cm-1) (ranked intensity): 509 (6), 533 (1), 588 (17), 611 (16), 694 (2), 724 (10),
746 (5), 806 (9), 998 (7), 1028 (3), 1095 (8), 1120 (12), 1160 (15), 1185 (14), 1312 (13),
1436 (4), 1481 (11), 2154 (20) (CCalkyne), 2923 (19), 3055 (18).
ESI-MS (m/z, %): M+ - [B12Cl12 + CH3CN] (645, 70%).
HRMS (ESI) for C37H38NiPGe (found/calculated): (641.131/641.131).
Synthesis of 4.44: Trimethylphosphine (0.148 mL, 1.43 mmol) was added to compound
4.36 (0.28 g, 0.48 mmol; DCM 5 mL) and the reaction was stirred for 10 min, resulting in
a colour change from red to green. Solvent and excess PMe3 were removed in vacuo. The
residue was then redissolved in minimum DCM and green solids were precipitated out by
the addition of Et2O. The supernatant was removed and the solids were washed with npentane (2 mL) and dried.
Yield 0.14 g, 62%. DP: 30 ºC.
1

H NMR (CDCl3, ! (ppm)): 0.45 (s, 6H, Me), 1.62 (pt (overlapped doublets), 18H,

PMe3), 5.23 (pt, 2H, Cp), 5.81 (b, 2H, Cp), 7.31-7.33 (m, 3H, Ph), 7.39-7.41 (m, 2H, Ph).
31

P{1H} NMR (CDCl3, !): -4.6 ppm.

13

C{1H} NMR (CDCl3, ! (ppm)): 0.67 (SiMe2), 19.6 and 19.8 (overlapping d, PMe3, 1JC-P

= 16.1 Hz, 17.6 Hz), 91.7 (SiCC), 97.0 (pt, Cp , 2JC-P = 3.1 Hz), 98.0 (Cp ), 102.9 (Cpipso),
!

"

107.1 (CCPh), 121.9 (Ph), 128.5 (Ph), 129.3 (Ph), 131.7 (Ph).
29

Si NMR (CDCl3, ! (ppm)): -26.5.

FT-IR (cm-1) (ranked intensity): 637 (15), 675 (9), 695 (6), 723 (2), 761 (4), 778 (7), 806
(5), 842 (3), 955 (1), 1249 (13), 1294 (10), 1368 (12), 1424 (11), 1489 (14), 2154 (8)
(CCalkyne).
ESI-MS (m/z, %): M+ - Cl (433, 100%).
HRMS (ESI) for C21H33NiP2Si (found/calculated): (433.118/433.118).
EA (found/calculated): C (53.02/53.70), H 7.25/7.08).
Synthesis of 4.45: Triphenylborane (0.073 g, 0.30 mmol; THF, 2 mL) was added
dropwise to a solution of 4.44 (0.081 g, 0.17 mmol; THF, 2 mL) at RT. After 1 h, the
solvent was removed in vacuo. The solids were redissolved in n-pentane and the
undissolved white precipitate (PMe3-BPh3) was removed by centrifugation. The n-
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pentane solution was kept at -30 ºC overnight to facilitate the precipitation of any white
precipitate left over. The red coloured supernatant was then concentrated to give red
solids.
Yield 0.05 g, 73%.
1

H NMR (C6D6, ! (ppm)): 0.69 (s, 6H, Me), 0.91 (d, 2JP-H = 10.5 Hz, 9H, PMe3), 4.84

(pt, 2H, Cp), 5.33 (b, 2H, Cp), 6.94-6.95 (m, 3H, Ph), 7.44-7.47 (m, 2H, Ph).
31

P{1H} NMR (C6D6, ! (ppm)): -11.0.

13

C{1H} NMR (C6D6, ! (ppm)): 1.07 (SiMe2), 16.4 (m, PMe3), 93.9 (d, Cp , 2JC-P = 4.0
"

Hz), 94.5 (CC-SiMe2), 96.7 (Cp ), 104.1 (Cpipso), 106.7 (CC-Ph), 124.1 (Ph), 129.0 (Ph),
!

128.9 (Ph), 129.2 (Ph), 132.6 (Ph).
29

Si NMR (C6D6, ! (ppm)): -27.2.

FT-IR (cm-1) (ranked intensity): 679 (13), 699 (5), 759 (9), 781 (3), 806 (11), 825 (6),
847 (1), 893 (15), 955 (2), 1250 (4), 1284 (10), 1368 (8), 1439 (7), 1488 (14), 2157 (12)
(CCalkyne).
EI-MS (m/z, %): M+ (392, 80%).
HRMS (EI) for C18H24NiPSiCl (found/calculated): (392.042/392.043).
Synthesis of 4.47: Trimethylphosphine (12 "L, 0.12 mmol) was added to an Et2O
solution of 4.38 (0.035 g, 0.05 mmol; Et2O, 2 mL) and stirred for 1 h. The solvent was
then removed, the residue redissolved in n-pentane and kept in -30 °C freezer overnight.
An oil settled at the bottom of the vial which was separated from the supernatant and both
were dried separately.
Yield 0.02 g, 80%.
1

H NMR (CDCl3, ! (ppm)): 0.69 (s, 6H, GeMe2), 1.075 (d, 4JH-P = 3.2 Hz, 6H, C5Me4-

Me ), 1.28 (d, 2JP-H = 9.6 Hz, 9H, PMe3), 1.68 (s, 6H), 7.21-7.24 (m, 3H, Ph), 7.35-7.37
"

(m, 2H, Ph).
31

P{1H} NMR (CDCl3, ! (ppm)): -11.9.

13

C{1H} NMR (CDCl3, ! (ppm)): 2.9 (GeMe2), 10.1 (Cp(Me)), 13.3 (Cp(Me)), 15.9 (d,

PMe3, 1JC-P = 28.4 Hz), 95.1 (CC-GeMe2), 99.7 (Cpipso), 102.4 (d, Cp , 2JC-P = 3.8 Hz),
"

105.3 (CC-Ph), 112.2 (d, Cp , 2JC-P = 1.5 Hz), 123.7 (Phipso), 129.0 (Ph), 128.4 (Ph), 128.9
!

(Ph), 131.9 (Ph).

151
FT-IR (cm-1) (ranked intensity): 587 (12), 607 (11), 692 (1), 756 (5), 804 (6), 953 (4),
1025 (7), 1070 (13), 1089 (10), 1385 (2), 1434 (9), 1488 (15), 2909 (3), 2155 (14)
(CCalkyne), 2971 (8).
ESI-MS (m/z, %): M+ + Na (517, 10%).
HRMS (ESI) for C22H32NiPGeClNa (found/calculated): (513.042/513.044) (Mass Spec
done in the presence of NaI).
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Chapter 5
Synthesis and Reactivity of bis-Alkynyl Appended Metallocenes of Co,
Fe and Ti with C5H4SiMe2C2Ph Ligand†

5.1. Introduction
Functionalization of the cyclopentadienyl ligands with alkynes has led to interesting
reactivity in metallocenes, where organic functional group chemistry at appended alkynes
has been explored. Pudelski and Callstrom reported the synthesis of 1,1’bis(trimethylsilyl-ethynyl)ferrocene and ruthenocene.1,2 Attempts to remove the silyl
groups by reaction with a catalytic amount of aq. KOH in MeOH resulted in
unanticipated formation of [4]ferrocenophanone derivatives. Butenschön et al. have
explored alkyne metathesis in attempts to couple 1,1’-bis(1-propynyl)ferrocene and
reported similar results.3 Gerard and co-workers developed zirconocene complexes with
alkynyl substituted indenyl ligands and showed their utilization as olefin polymerization
catalysts.4 Wang et al. reported zirconocenes with alkyne functionalized Cp ligands and
their reaction with Ru3(CO)12 resulted in breaking of the Cp-Zr bonds.5,6 Uptil now, bisalkynyl functionalized metallocenes have been mostly limited to ferrocene derivatives;
which have been primarily prepared by the Sonogashira coupling of alkynes with diiodo
ferrocene i.e. by post-modification of ferrocene,1,2 which does not always give
satisfactory results.7 A more convenient approach is pre-modification of the Cp ligand
prior to incorporation of the metal.
In an attempt to synthesize the CpCo(I) half sandwich complex by reduction of
Co(II) dimer (5.1) (Scheme 5.1), the 1:1 stoichiometric reaction of 3.3 with CoCl2 was
carried out, however it resulted in the exclusive isolation of the sandwich complex 5.2
and no formation of 5.1 was detected.

†

This work has been published: Chadha, P.; Dutton, J. L.; Ragogna, P. J. Can. J. Chem. 2010, 88, 12131221. Jason L. Dutton collected the X-ray data and solved the disordered solid-state structure for
KCpSiMe2C2Ph and [5.2][OTf].
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Scheme 5.1. Attempted synthesis of 5.1 resulting in the production of 5.2.
Although serendipitous, this was interesting, since it resulted in the formation of
the bis-alkynyl appended metallocene complex 5.2 and prompted us to further examine
the reactivity of this ligand with other metals given that there are very few examples of
such metallocenes in the literature; and to explore the reactivity of the appended alkyne
moiety in post-modification of the parent metallocene. In order to make these alkyne
substituents more accessible for other transition metals, we herein describe the synthesis
of Co, Fe and Ti metallocenes with the pre-functionalized ligand CpSiMe2C2Ph and their
characteristic reactivity resulting from the pendent alkyne.
5.2. Results and Discussion
5.2.1. Formation of Cyclopentadienyl Sandwich Complexes via Transmetallation of
the Ligand
The general scheme for the synthesis of the (CpSiMe2C2Ph)2M complexes (M =
Co, Fe) involved transmetallation of the lithium salt (3.3) with the corresponding
transition metal halide (Scheme 5.2). Treatment of 3.3 with 0.5 stoichiometric
equivalents of anhydrous CoCl2 or FeCl2 in THF at room temperature resulted in the
formation of a red or yellow-orange solution, respectively, over a period of 3-4 h. The
solvent was removed in vacuo, the residue washed with n-pentane and centrifuged. The
n-pentane was then removed from the supernatant to give red-maroon or orange solids,
respectively.
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The 1H NMR spectrum of the redissolved red-maroon powder (5.2) showed a
singlet at 3.62 ppm integrating to 6 protons (SiMe2), a doublet and two triplets in the aryl
region integrating in a 2:2:1 ratio. The Cp protons were not observed within the
diamagnetic range (0 to 10 ppm) due to close proximity with the paramagnetic nuclei.8,9
Single crystals were obtained from a concentrated Et2O solution of the red-maroon
powder and X-ray diffraction studies confirmed the expected connectivity (Section
5.2.4). Compound 5.2 was purified by recrystallization from Et2O/n-pentane and was
oxidized with AgOTf to form compound [5.2][OTf] allowing full NMR spectroscopic
characterization.

2

MCl2

Si
Li

Ph

3.3

Ph

Et2O/THF

Si
M
Si

Et2O
AgOTf
Ph

M = Co (5.2)
M = Fe (5.3)

Ph

Si
OTf

Co
Si

Ph
[5.2][OTf]

OTf = OSO2CF3

Scheme 5.2. Synthesis of metallocenes 5.2 and 5.3.
The orange solid was identified as compound 5.3 by comparison to the
literature.10 The literature procedure involves the reaction between dilithio-ferrocene and
chloro(dimethyl)(phenylethynyl) silane; the latter compound being not readily accessible.
Our procedure provides an alternative route to 5.3 with readily available starting
materials. Compound 5.3 was further purified by sublimation or recrystallization from nhexane.
The reaction of 2 stoichiometric equivalents of 3.3 with TiCl4 in n-hexane
resulted in a colour change from white to yellow and finally to red over a period of 4 h.
Proton NMR spectra obtained from an aliquot of the yellow solution showed two sets of
Cp pseudo triplets and when the reaction mixture turned red, only one set of Cp protons
remained. The other set of Cp pseudo triplets is attributed to the formation of
intermediate half sandwich complex 5.4Cl3, which then converts into the metallocene
5.4Cl2 (Scheme 5.3). An excess of the ligand 3.3 (2.4 stoichiometric equivalents instead
of 2) was used in order to ensure complete conversion of 5.4Cl3 to 5.4Cl2. The red
solution was filtered, cooled to -30 °C for complete precipitation of LiCl, filtered again,
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concentrated and stored at -30 °C resulting in the growth of red crystals of 5.4Cl2. X-ray
quality crystals of 5.4Cl2 were obtained from a concentrated n-hexane solution (see
Section 5.2.4).
TiCl4

2.4 Si
Li
Ph

Ti

n-Hexane

Ph

Ph
Si
Cl
Et2O/n-Hexane
Cl

Ti

MeMgCl

Si
Me
Me
Si

Si

3.3

5.4Cl2

5.4Me2

Ph

Ph

Si
Cl

Ti
Cl

Cl

5.4Cl3

Ph

Scheme 5.3. Synthesis of metallocenes 5.4Cl2 and 5.4Me2.
Compound 5.4Cl2 was treated with three stoichiometric equivalents of MeMgCl
in an Et2O/n-hexane mixture resulting in a colour change from red to yellow-orange
(Scheme 5.4). The 1H NMR spectrum of an aliquot of the reaction mixture showed a
significant shift of the Cp protons (!"Cp = 0.59 in 5.4Cl2; !"Cp = 0.09 in 5.4Me2) and an
upfield shift of 0.3 ppm in the methyl groups attached to the silicon atom (Table 5.1). An
upfield shift of approximately 6 ppm was observed in the 29Si NMR spectrum of 5.4Cl2
and 5.4Me2, compared to the free ligand 3.3.
Spectral data
1
H NMR shifts (ppm)
C (Si-CC-Ph)
29
Si (ppm)
(ppm)
Cp and Cp
!"Cpa
SiMe2
-18.6
92.5, 105.8
6.59, 6.67
0.08
0.10
-22.5
92.7, 109.3
5.73, 5.93
0.20
0.47
-21.5
93.4, 106.0
4.35, 4.51
0.16
0.52
-25.0
93.5, 108.0
6.20, 6.79
0.59
0.65
-25.8
93.3, 107.6
6.35, 6.44
0.09
0.35, 0.39
-9.8
61.3, 88.8 (Cb) 4.96, 5.78, 6.09, 6.48
0.08, 0.41
-9.3
66.4, 88.1 (Cb) 4.16, 4.27, 4.46
0.40, 0.60
-19.5
157.7, 138.2
5.96, 6.15
0.19
0.10, -0.04
-8.6
81.5, 106.7
5.84, 6.83
0.99
0.16, 0.52
13

Compound

!

3.3
[5.2][OTf]
5.3
5.4Cl2
5.4Me2
[5.5][OTf]
5.6
5.7
5.8
a

"

!"Cp is a measure of the difference in chemical shifts of the Cp and Cp protons.
!

Table 5.1. Selected spectral data for compounds 5.2-5.8.

"
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5.2.2. Cyclization of the Alkyne Moiety
Compounds 5.2, [5.2][OTf] and 5.3 were photolyzed with CpCo(CO)2 to
determine if the alkynes undergo intermolecular cyclization leading to polymerization
(Scheme 5.4) or intramolecular cyclization (Scheme 5.5). The reactions were performed
in benzene-d6 and monitored by 1H NMR spectroscopy. The reaction proceeded to
completion over a period of 40 h. Some decomposition was observed, resulting in the
formation of a brown solid, which was discarded. The volatiles were removed in vacuo
and the residue washed with n-pentane to give brown (5.5, [5.5][OTf]) and orange (5.6)
solids, respectively.

Ph
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Si

CpCo(CO)2

M

Ph

h!

Si

Co

Si

Ph

M

Si
Co

Ph
n

Si
Ph

M = Co (5.2), Fe (5.3)

Scheme 5.4. Proposed MetallaCyclingPolymerization
metallocenes with CpCo(CO)2.
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M
Si
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CpCo(CO)2
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Ph
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M = Co (5.2), Fe (5.3)

reaction

Si

Co Ph

Si

Ph

of

bis-alkynyl

M

M = Co (5.5), Fe (5.6)

Scheme 5.5. Alkyne dimerization in compounds 5.5 and 5.6.
The 1H NMR spectra of the redissolved solids revealed a reduced symmetry
resulting in four well defined signals for the cyclopentadienyl rings and two different
methyl signals in [5.5][OTf] and 5.6 for the silicon bound methyl groups. No broadening
was observed in the 1H NMR spectra of the compounds indicating that polymer
formation did not occur. The

13

C{1H} NMR spectra of [5.5][OTf] and 5.6 revealed an

upfield shift in the alkyne carbon signals (" = 93 and 106 ppm in 5.3 to " = 66 and 88
ppm in 5.6, see Table 5.1) which is typical of CpCoCb complexes11,12 giving evidence for
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the formation of a cyclobutadiene ring. A similar effect was observed for [5.5][OTf].
Silicon-29 NMR spectrum showed a downfield shift of about 12 ppm in both [5.5][OTf]
and 5.6.
Compound [5.5][OTf] could be prepared either by the alkyne cyclization of
[5.2][OTf] or by the cyclization of 5.2 first to form 5.5 and then oxidation of 5.5 with
AgOTf to yield [5.5][OTf] (Scheme 5.6).

Ph

Si
Co
Si

CpCo(CO)2
40 h, h!
Ph

5.2
RT

Co Ph

Si

Ph

5.5

AgOTf
CH3CN or C6H6

[5.2][OTf]

Si
Co

CpCo(CO)2
6 h, h!

RT

AgOTf
CH3CN or C6H6

[5.5][OTf]

Scheme 5.6. Synthesis of [5.5][OTf] by two methods.
From high resolution mass spectrometry (HRMS) and X-ray crystallographic
studies of [5.5][OTf] and 5.6 (see Section 5.2.4), it was confirmed that only
intramolecular cyclization of the appended alkynes took place leading to the formation of
[4]metallocenophanes of Co and Fe, respectively. Similar [2+2] cyclization reactions of
the appended alkynes in compound 5.4Me2 were unsuccessful and lead to the formation
of multiple products as observed from the 1H NMR spectrum of the crude sample.
5.2.3. Metallation of the Alkyne: Synthesis of Heterometallic Compounds
Low oxidation state transition metals such as Co2 (CO)8 and Ni(cod)2 (cod = 1,5cyclooctadiene) are known to have a strong affinity for alkynes and such reactivity has
been utilized in generating highly metallized polymers13,14 and modification of group 4
olefin metathesis catalysts.4 Therefore, the metallation of the appended alkyne was
attempted with titanocenes 5.4Cl2 and 5.4Me2. Reaction of 5.4Cl2 with Co2(CO)8 and
Ni(cod)2 did not proceed cleanly, likely due to the presence of the chlorides, which could
potentially participitate in redox reactions with low oxidation state metals. This issue was
overcome by using the dimethyl derivative 5.4Me2.
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Upon treating 5.4Me2 with Ni(cod)2, the clusterized product could not be isolated,
likely due to loss of the labile cod ligand during work up. Therefore, one of the cod
ligands was replaced with more strongly coordinating phosphine ligands. Treatment of
the Ni(cod)2 with chelating phosphines such as diphenylphosphinoethane (dppe) resulted
in the formation of Ni(dppe)2 as a side product, however, using Ni(cod)(PPh3)215 with
5.4Me2 in benzene, an instant colour change from red to brown (Scheme 5.7) was
observed. The reaction was monitored by 31P{1H} NMR spectroscopy, which showed two
doublets at 40 ppm (2JP-P = 32 Hz) and 37 ppm (2JP-P = 32 Hz) (cf. " = 24 ppm for
Ni(cod)(PPh3)2). The volatiles were removed resulting in the formation of a goldenbrown solid. The solids were recrystallized from Et2O/n-pentane, but complete removal
of free cod was difficult, as the solids decomposed upon heating or under vacuum for
prolonged periods of time.
The proton NMR spectrum of the dissolved solids showed an upfield shift of 0.45
ppm for the silicon bound methyl groups in comparison to 5.4Me2. The !"Cp increased
from 0.09 ppm in 5.4Me2 to 0.19 ppm in 5.7 and the disappearance of the alkyne
vibration at 2159 cm-1 in the FT-IR spectrum on the formation of compound 5.7 gave
evidence for the absence of the triple bond. A downfield shift of 6 ppm was observed in
the 29Si NMR spectrum of compound 5.7 (Table 5.1), attributed to electron donation from
the alkyne to the late transition metal. The 13C{1 H} NMR spectrum showed a downfield
shift for the alkyne carbons (# = 138.2 and 157.7 ppm) and coupling to the nickel bound
phosphorus atoms resulting in ill resolved multiplets. This provides evidence for the
formation of compound 5.7 in the absence of a solid-state structure.
Ph
(OC)3Co

Me

Ph

Ph

Si
Me

(OC)3Co
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Ph3P Ni
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Ti
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Scheme 5.7. Clusterization of the appended alkynes in 5.4Me2.
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Upon treatment of 5.4Me2 with two stoichiometric equivalents of Co2(CO)8 in npentane, the solution turned a darker brown. The volatiles were removed in vacuo and the
red-brown solids obtained were subjected to FT-IR spectroscopy, which revealed the
absence of the alkyne vibration at 2159 cm-1 and the presence of three terminal carbonyl
stretches at 2087, 2048 and 2017 cm-1. Proton NMR spectroscopy of the compound
depicted a significant change in the Cp protons (!"Cp = 0.09 in 5.4Me2 to 0.99 in 5.8) and
the silicon bound methyl groups showing a downfield shift of 0.13 ppm compared to
5.4Me2 (Table 5.1), as reported for similar species.13 The 13C{1H} NMR spectrum of 5.8
showed one broad carbonyl signal at 200 ppm. Also, the alkyne carbon close to the
silicon centre showed an upfield shift13 and is indicative of the clusterization of the
alkyne. A downfield shift of 17 ppm was observed in the 29Si NMR spectra.
Unfortunately, all attempts to obtain X-ray quality crystals of 5.7 and 5.8 proved
unsuccessful, as the compounds readily decompose in solution over a period of 5-6 days
precluding the formation of crystalline material (at RT as well as -30 ˚C).
5.2.4. X-Ray Crystallography
The molecular structure of 5.4Cl2 confirmed the anticipated connectivity (Figure
5.1). Selected bond lengths and angles are given in Table 5.2 and metrical parameters are
consistent with other known titanocenes.16 The alkyne fragments are oriented away from
each other and away from the metal centre and no interaction is observed between the
metal and the alkyne.

Figure 5.1. Solid-state structure of 5.4Cl2. Thermal ellipsoids are drawn to the 50%
probability level and hydrogens are removed for clarity.
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5.2

5.4Cl2

Compound
[5.5][OTf]

Bond length (Å)
M-Cpcentroid
1.72(±0.01) 2.06(±0.01) 1.64(±0.01)
CCalkyne
1.207(3)
1.200(4),
1.475(7),
1.203(4)
1.477(7),
1.488(7),
1.506(7) (Cb)
Bond angles (º)
Cpcentroid-M180(± 1)
132(± 1)
179(± 1)
Cpcentroid
(Cp)C-Si-Calkyne 111.2(1)
107.0(1),
109.3(2),
101.6(1)
109.4(3)
Si-C-Calkyne
175.1(2)
168.3(3),
_
176.5(3)
Ph-C-Calkyne
177.8(3)
175.0(4),
_
177.6(4)

5.6
1.66(±0.01)
1.487(5),
1.479(5),
1.489(5),
1.499(5) (Cb)
178(±1)
111.78(16),
109.92(17)
_
_

Table 5.2. Selected bond lengths and angles for compounds 5.2, 5.4Cl2, [5.5][OTf] and
5.6.
In the solid-state structure of 5.2 (Figure 5.2), the two Cpipso carbons are oriented
away from each other in a trans fashion, the two Cp rings being completely staggered;
and the alkynes are bent towards the metal centre as opposed to 5.4Cl2. However, for the
cyclization to take place, the alkynes must be forced to rotate to obtain a cis geometry. As
reported earlier for various [2+2] cyclization reactions with CpCo(CO)2,17,18 formation of
the cyclized products 5.5, [5.5][OTf] and 5.6 is possibly driven by the initial
complexation of one of the alkynes with the cobalt centre.
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Figure 5.2. Solid-state structure of compound 5.2. Thermal ellipsoids are drawn to the
50% probability level and hydrogen atoms are removed for clarity.
In this case, the formation of only one isomer (cis isomer) was observed where
the two phenyl groups are cis to each other, as seen from the solid-state structure of
[5.5][OTf] (Figure 5.3) and from multinuclear NMR spectroscopy. Also, there was no
indication of intermolecular cyclization, leading to metallacyclingpolymerization. The
change from sp to sp2 hybridization is evident on comparison of the CCalkyne bond lengths
in 5.2 and [5.5][OTf], which changes from 1.20 Å (av.) in 5.2 to 1.48 Å (av.) in
[5.5][OTf], typical of known CpCoCb compounds (Table 5.2).11,12 The Si-CCalkyne bond
length in [5.5][OTf] (1.858(5) Å and 1.856(6) Å) is comparable to that in 5.2 (1.848(3)
Å). The Cp-Co-Cb remains almost linear (179.6º), indicating that the structure is not
strained, and is in accordance to what is expected for a [4]cobaltocenophane.19 The
crystallographic data for 5.2, 5.4Me2, [5.5][OTf] and 5.6 are found in Table 5.3.
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Figure 5.3. Solid-state structure of compound [5.5][OTf]. Thermal ellipsoids are drawn
to the 50% probability level and hydrogen atoms are removed for clarity. The disordered
triflate anion has been removed for clarity.
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Figure 5.4. Solid-state structure of compound 5.6. Only one of the two molecules in the
asymmetric unit has been shown. Thermal ellipsoids are drawn to the 50% probability
level and hydrogen atoms are removed for clarity. The solvent molecule (acetone) has
been removed for clarity.
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Solid-state structure of 5.6 (Figure 5.4) shows similar characteristics as that of [5.5][OTf] and the important bond lengths and angles
are listed in Table 5.2.
5.2
C30H30Co1Si2
505.65
Monoclinic
P2(1)/n
9.870(2)
5.875(1)
22.102(4)
90
93.38(3)
90
1279.4(4)
2
1.313
0.781
4854
2885 - 0 - 151

Empirical formula
Formula weight
Crystal system
Space group
a (Å)
b (Å)
c (Å)
! (º)
! (º)
" (º)
V (Å3)
Z
Dc (Mg m-3)
µ (mm-1)
Observed reflections
Data-restraintsparameters
R
indices 0.043, wR2 = 0.097
a,b
[I>2!(I)]
R indices (all data)a,b 0.071, wR2 = 0.108

5.4Cl2
C30H30Cl2Si2Ti1
565.52
Monoclinic
P2(1)/c
6.532(1)
35.024(7)
12.645(3)
90
95.00(3)
90
2881.9(1)
4
1.303
0.583
12061
6618 - 0 - 320

[5.5][OTf]
C37H37Cl2Co2F3O3S1Si2
863.67
Monoclinic
P2(1)/c
18.210(4)
10.181(2)
20.404(4)
90
96.53(3)
90
3758.2(1)
4
1.526
1.195
15206
8557 - 2 - 418

5.6
[C35H35Co1Fe1Si2]2C3H6O1
1311.26
Triclinic
P-1
12.835(3)
14.519(3)
19.265(4)
74.54(3)
72.65(3)
71.59(3)
3192.0(11)
2
1.364
1.075
25487
14297 - 0 - 749

0.059, wR2 = 0.150

0.077, wR2 = 0.208

0.049, wR2 = 0.124

0.096, wR2 = 0.173

0.132, wR2 = 0.250

0.090, wR2 = 0.164

a

R(F) = !| |Fo|" |Fc| |/!|Fo|; wR(F2) = [!w(Fo2 " Fc2)2]1/2; S = [!w(Fo2 " Fc2)2/(n " p)]1/2 (n = no. of data; p = no. of parameters varied.b w = 1/[#2(Fo2) +
(aP)2 + bP] where P = (Fo2 + 2Fc2)/3 and a and b are constants suggested by the refinement program.

Table 5.3. Crystal data for compounds 5.2, 5.4Cl2, [5.5][OTf] and 5.6.
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5.3. Conclusions
Early and late transition metal metallocenes (5.2, 5.3, 5.4Cl2, and 5.4Me2) with
cyclopentadienyl ligand bearing an appended alkyne moiety have been synthesized
following a general metathesis route with the preassembled ligand system. Compounds
5.2 and 5.4 are the first examples of bis alkyne-appended Co and Ti metallocenes. This
shows the potential of this ligand to form complexes with a wide variety of transition
metals. Typical reactions of organic alkynes, such as clusterization with metals and
alkyne dimerization, were found to proceed cleanly at the rather sensitive metallocene
core, giving rise to heterobimetallic complexes 5.7 and 5.8 and [4]metallocenophanes 5.5
and 5.6. Compound 5.5 is the first example of a [4]cobaltocenophane with a single Si2C2
bridge.

5.4. Experimental
5.4.1. Materials
MeMgCl (2 M solution in THF), Ni(cod)2, Co2(CO)8 and PPh3 were purchased from
Aldrich Chemical Company and used as received. Cobalt Chloride, FeCl2 and
CpCo(CO)2 were purchased from Strem Chemicals. Titanium tetrachloride (TiCl4) and
AgOTf were purchased from Alfa Aesar and used as received (OTf = triflate;
trifluoromethanesulphonate).
5.4.2. Synthesis
Synthesis of 5.2: LiCpSiMe2C2Ph (3.3) (0.17 g, 0.77 mmol) was added to a solution of
anhydrous CoCl2 (0.05 g, 0.38 mmol; Et2O 5 mL), followed by the addition of 1 mL THF
at room temperature. The reaction mixture was stirred for 3-4 h, during which time the
colour turned dark red. The reaction mixture was then filtered to remove the LiCl and the
clear solution was pumped down to give a sticky solid mass, which was then washed
twice with n-pentane and dried to yield a dark maroon solid. X-ray quality crystals were
obtained from concentrated Et2O solution at -30 °C.
Yield 0.175 g, 90%. MP: 80 °C.
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1

H NMR (C6D6, ! (ppm)): 3.62 (b, 12H, Me), 6.81 (t, 2H, Ph), 7.07 (t, 4H, Ph), 7.46 (d,

4H, Ph), Cp protons were not observed within the range of -2 ppm to 14 ppm.
FT-IR (cm-1) (ranked intensity): 536 (13), 599 (14), 676 (8), 688 (7), 756 (2), 774 (4),
802 (1), 822 (3), 840 (5), 1034 (6), 1158 (11), 1250 (9), 1346 (15), 1486 (10), 2146 (12)
(CCalkyne).
ESI-MS (m/z, %): M+ - 268 (237.1, 100%).
EA (found/calculated): C (71.49/71.26), H (5.99/5.98).
Synthesis of [5.2][OTf]: Addition of a solution of 5.2 (0.20 g, 0.40 mmol; CH3CN or
C6H6 1 mL) to one equivalent of AgOTf (0.11 g, 0.40 mmol) resulted in the instantaneous
formation of [5.2][OTf]. The yield was quantitative by 1H NMR spectroscopy but the
product could not be obtained as a solid. Removing the solvent always resulted in a sticky
mass, which was 90% pure by 1H NMR spectrum. Yield 0.233 g, 90%.
1

H NMR (C6D6, ! (ppm)): 0.47 (s, 12H, Me), 5.73 (b, 4H, Cp), 5.93 (b, 4H, Cp), 7.05-

7.09 (m, 6H, Ph), 7.61 (d, 4H, Ph). 1H NMR (CD3CN, !): 0.56 (s, 12H, Me), 5.81 (pt, 4H,
Cp), 5.92 (pt, 4H, Cp), 7.42-7.45 (m, 6H, Ph), 7.58 (d, 4H, Ph).
13

C{1H} NMR (CD3CN, ! (ppm)): -0.5 (Me), 89.2 (Cp), 90.6 (Cp), 91.0 (Cp), 92.7

(SiCC), 109.3 (CCPh), 122.9 (Ph), 130.0 (Ph), 130.9 (Ph), 133.2 (Ph).
19

F{1H} NMR (CD3CN, ! (ppm)): -78.9.

29

Si NMR (C6D6, ! (ppm)): -22.5.

FT-IR (cm-1) (ranked intensity): 691 (9), 737 (14), 759 (7), 805 (6), 825 (8), 851 (2),
1043 (3), 1117 (12), 1164 (4), 1230 (10), 1255 (1), 1385 (15), 1489 (11), 2159 (5)
(CCalkyne), 2973 (13).
ESI-MS (m/z, %): M+ - OTf (505.1, 100%), M+ + [M-OTf]+ (1159.3).
Synthesis of 5.3: A solution of LiCpSiMe2C2Ph (3.3) (0.36 g, 1.58 mmol; THF 3 mL)
was added to a solution of anhydrous FeCl2 (0.1 g, 0.79 mmol; THF 5 mL) at room
temperature. The reaction mixture was stirred for 4 h, during which time the colour
turned dark yellow. The volatiles were then removed, the residue redissolved in npentane and filtered to remove LiCl. The filtrate was then concentrated to give an orange
solid. The orange solid was then sublimed at 140 °C onto a cold finger at -18 °C.
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Yield 0.317 g, 80%. MP: 75 °C.
1

H NMR (C6D6, ! (ppm)): 0.52 (s, 12H, Me), 4.35 (pt, 4H, Cp), 4.51 (pt, 4H, Cp), 6.91-

6.95 (m, 6H, Ph), 7.49-7.53 (m, 4H, Ph).
13

C{1H} NMR (C6D6, ! (ppm)): 0.6 (Me), 69.4 (Cp), 73.1 (Cp), 74.5 (Cp), 94.2 (SiCC),

106.8 (CCPh), 124.1 (Ph), 128.9 (Ph), 129.1 (Ph), 132.6 (Ph).
29

Si NMR (C6D6, ! (ppm)): -21.5.

FT-IR (cm-1) (ranked intensity): 690 (7), 776 (2), 802 (4), 846 (1), 897 (14), 1036 (8),
1166 (3), 1220 (11), 1249 (6), 1383 (15), 1421 (13), 1442 (12), 1488 (9), 2158 (5)
(CCalkyne), 2960 (10).
ESI-MS (m/z, %): M+ (502.2, 100%).
Synthesis of 5.4Cl2: A slurry of LiCpSiMe2C2Ph (3.3) (0.91 g, 3.30 mmol; n-hexane 50
mL) was cooled to -35 °C and TiCl4 (0.15 mL, 1.37 mmol; n-hexane 2 mL) was added to
the slurry when the colour of the reaction mixture turned from white to yellow and finally
to red. The cold bath was removed when the temperature reached -5 °C and the reaction
mixture was allowed to warm up to room temperature over 4 h, at which time stirring was
stopped and the solids settled, the reaction mixture was filtered and filtrate was cooled to
-30 °C, filtered a second time, concentrated and left in -30 °C freezer overnight. Red
crystals were formed which were collected and dried.
Yield 0.54 g, 70%. MP: 107 °C.
1

H NMR (C6D6, ! (ppm)): 0.65 (s, 6H, Me), 6.20 (pt, 4H, Cp), 6.79(pt, 4H, Cp), 6.90-

6.92 (m, 6H, Ph), 7.45-7.47 (m, 4H, Ph).
13

C{1H} NMR (C6D6, ! (ppm)): 0.7 (Me), 93.5 (SiCC), 108.0 (CCPh), 120.3 (Cp), 123.7

(Ph), 127.2 (Cpipso), 128.9 (Ph), 129.3 (Ph), 131.3 (Cp), 132.6 (Ph).
29

Si NMR (C6D6, ! (ppm)): -25.

FT-IR (cm-1) (ranked intensity): 537 (9), 690 (5), 756 (3), 805 (2), 847 (1), 898 (10),
1026 (12), 1043 (8), 1069 (11), 1220 (14), 1251 (7), 1442 (15), 1488 (6), 2158 (4)
(CCalkyne), 2960 (13).
ESI-MS (m/z, %): M+-Cl (529).
EA (found/calculated): C (64.10/63.72), H (5.49/5.35).
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Synthesis of 5.4Me2: (CpSiMe2C2Ph)2TiCl2 (5.4Cl2) (0.20 g, 0.35 mmol; Et2O/n-hexane
(1:1.5 ratio) 40 mL) was treated with three stoichiometric equivalents of MeMgCl (0.35
mL, 1.05 mmol; 3 M solution in THF) at -15 °C. The reaction mixture was stirred for 4 h
during which time it warmed to room temperature and the colour changed from red to
yellow-orange. The LiCl was filtered off and the yellow-orange solution was
concentrated to give orange oil.
Yield 0.15 g, 80%.
1

H NMR (C6D6, ! (ppm)): 0.40 (s, 6H, Me), 0.42 (s, 12H, Me), 6.38 (pt, 4H, Cp), 6.47

(pt, 4H, Cp), 6.90-6.91 (m, 6H, Ph), 7.47-7.49 (m, 4H, Ph).
13

C{1H} NMR (C6D6, ! (ppm)): 0.9 (Me), 48.3 (Me), 93.3 (SiCC), 107.57 (CCPh), 116.8

(Cpipso), 118.7 (Cp), 121.9 (Cp), 123.7 (Ph), 128.9 (Ph), 129.3 (Ph), 132.5 (Ph).
29

Si NMR (C6D6, ! (ppm)): -25.8

FT-IR (cm-1) (ranked intensity): 442 (13), 537 (11), 689 (4), 756 (3), 823 (1), 905 (10),
1027 (14), 1047 (7), 1070 (15), 1186 (9), 1251 (5), 1488 (8), 2159 (2) (CCalkyne), 2888
(12), 2958 (6).
ESI-MS (m/z, %): M+-Me (507).
EA (found/calculated): C (72.54/73.26), H (6.23/6.92).
Synthesis of 5.5: CpCo(CO)2 (0.03 g, 0.18 mmol) was added to a C6D6 solution of 5.2
(0.09 g, 0.18 mmol) in an NMR tube. The solution was then photolyzed with broad
wavelength UV light for 40-50 h. The reaction was monitored for completion by 1H
NMR spectroscopy, after which the solution was filtered, solvent was removed in vacuo
to give a brown solid, which was washed with 0.5 mL of n-pentane four times and dried
again. Yield 0.086 g, 75%.
1

H NMR (C6D6, ! (ppm)): 3.77 (b, 12H, Me), 4.91 (b, 5H, Cp), 7.05 (b, 2H, Ph), 7.11 (b,

4H, Ph), 7.69 (b, 4H, Ph), other Cp protons were not observed within the range of -2 ppm
to 14 ppm.
FT-IR (cm-1) (ranked intensity): 664 (13), 696 (4), 770 (2), 805 (1), 1008 (8), 1035 (7),
1156 (9), 1247 (3), 1441 (11), 1488 (14), 1070 (15), 1597 (10), 1955 (6), 2017 (5), 2955
(12).
HRMS (EI) for C35H35Si2Co2 (found/calculated): (629.096/629.094).
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Synthesis of [5.5][OTf]: Method I: Addition of a solution of 5.5 (0.40 g, 0.64 mmol;
CH3CN or C6H6 2 mL) to one equivalent of AgOTf (0.16 g, 0.64 mmol) resulted in the
instantaneous formation of [5.5][OTf]. The reaction mixture was then filtered to remove
Ag, washed with n-pentane and Et2O and the solvent was removed in vacuo to give an
orange solid. Yield (0.32 g, 65%). Method II: CpCo(CO)2 (0.03 g, 0.18 mmol) was added
to a C6D6 or CD3CN solution of [5.2][OTf] (0.12 g, 0.18 mmol) in an nmr tube. The
solution was then photolyzed with broad wavelength UV light for 20-25 h. The reaction
was monitored for completion by 1H NMR spectroscopy, after which the solution was
filtered, solvent was removed in vacuo to give an orange solid, which was washed with
0.5 mL n-pentane and 0.5 mL Et2O and dried again. X-ray quality crystals were obtained
by the slow diffusion of n-pentane into a DCM solution of the compound at RT.
Yield 0.09 g, 65%. MP: 200 °C.
1

H NMR (C6D6, ! (ppm)): 0.08 (s, 6H, Me), 0.41 (s, 6H, Me), 4.61 (s, 5H, Cp), 4.96 (b,

2H, Cp), 5.78 (b, 2H, Cp), 6.09 (b, 2H, Cp), 6.48 (b, 2H, Cp), 7.03-7.06 (m, 6H, Ph),
7.32-7.35 (m, 4H, Ph).
13

C{1H} NMR (C6D6, ! (ppm)): 1.0 (Me), 2.7 (Me), 61.3 (Cb), 82.7 (Cp), 88.8 (Cb), 89.5

(Cp), 89.7 (Cp), 90.0 (Cp), 90.4 (Cp), 91.2 (Cp), 127.5 (Ph), 128.9 (Ph), 129.5 (Ph),
137.0 (Ph), triflate was not observed.
19

F{1H} NMR (C6D6, ! (ppm)): -78.9.

29

Si NMR (C6D6, ! (ppm)): -9.8.

FT-IR (cm-1) (ranked intensity): 444 (10), 516 (13), 636 (3), 671 (11), 700 (7), 775 (6),
820 (4), 894 (15), 1009 (9), 1030 (2), 1136 (5), 1223 (8), 1266 (1), 1386 (14), 1441 (12).
ESI-MS (m/z, %): M+ - OTf (629, 100%), M+ + 629 (1407.2), [(RC5H4)2Co]+ (505,
25%).
HRMS (EI) for C35H35Si2Co2 (found/calculated): (629.091/629.094).
Synthesis of 5.6: CpCo(CO)2 (0.04 g, 0.23 mmol) was added to a C6D6 solution of 5.3
(0.118 g, 0.335 mmol) in an NMR tube. The solution was then photolyzed with broad
wavelength UV light for 40-50 h. The reaction was monitored for completion by 1H
NMR spectroscopy, after which the reaction mixture was filtered, solvent was removed in
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vacuo to give an orange solid, which was washed with 0.5 mL n-pentane and dried again.
Yield 0.136 g, 65%. MP: 180 °C.
1

H NMR (C6D6, ! (ppm)): 0.40 (s, 6H, Me), 0.60 (s, 6H, Me), 4.16 (b, 2H, Cp), 4.27 (b,

4H, Cp), 4.46 (b, 2H, Cp), 4.76 (s, 5H, Cp), 7.04-7.16 (m, 6H, Ph), 7.55 (d, 4H, Ph).
13

C{1H} NMR (C6D6, ! (ppm)): 2.4 (Me), 4.1 (Me), 66.4 (SiC(Cb)), 69.3 (Cpipso), 71.9

(Cp), 72.6 (Cp), 74.5 (Cp), 75.2 (Cp), 82.8 (CpCo), 88.1 (CPh(Cb)), 126.9 (Ph), 128.5
(Ph), 129.7 (Ph), 138.4 (Ph).
29

Si NMR (C6D6, ! (ppm)): -9.3.

FT-IR (cm-1) (ranked intensity): 666 (7), 696 (2), 765 (3), 813 (1), 898 (11), 1036 (6),
1110 (12), 1165 (5), 1245 (4), 1384 (8), 1439 (9), 1599 (10).
EI-MS (m/z, %): M+ (625.9, 100%).
HRMS (EI) for C35H35Si2FeCo (found/calculated): (626.09/626.09).
EA (found/calculated): C (66.20/71.69), H (5.50/6.02).
Synthesis of 5.7: Two equivalents of Ni(cod)(PPh3)215 were prepared in situ from
Ni(cod)2 and PPh3 and a solution of 5.4Me2 (0.13 g, 0.25 mmol; benzene 1 mL) was
added to it after 15 min. The reaction mixture was stirred for an hour and monitored by
31

P{1H} NMR spectroscopy. Volatiles were then removed in vacuo resulting in a shiny

brown solid. Further purification was carried out by recrystallization of the solids from
ether/n-pentane at -30 °C, when compound 5.7 precipitated out of solution. The brown
solid was then collected and dried.
Yield 0.34 g, 80%. DP: 70 ºC.
1

H NMR (C6D6, ! (ppm)): -0.04 (s, 12H, Me), 0.10 (s, 6H, Me), 5.96 (b, 4H, Cp), 6.15

(b, 4H, Cp), 6.79-6.98 (b, 45H, Ph), 7.42 (b, 16H, Ph), 7.64 (b, 9H, Ph).
31

P{1H} NMR (C6D6, ! (ppm)): 40.40 (d, 2JP-P = 32.2 Hz), 37.82(d, 2JP-P = 32.2 Hz).

13

C{1H} NMR (C6D6, ! (ppm)): 1.1 (SiMe2), 46.5 (TiMe2), 117.1 (Cp), 122.0 (Cp), 122.4

(Cpipso), 124.4 (Ph), 127.7 (Ph), 127.9 (Ph), 128.1 (Ph), 128.9 (Ph), 129.39 (Ph), 134.91
(dd, Ph(ortho)(PPh3), 2JC-P = 86.6 Hz, 4JC-P = 13.8 Hz), 137.64 (dd, Ph(ipso) (PPh3), 1JC-P =
183 Hz, 3JC-P = 31 Hz), 138.2 (CC-SiMe2, dd, overlapped with Ph(ipso)(PPh3)), 157.7 (dd,
CC-Ph, not well resolved).
29

Si NMR (C6D6, ! (ppm)): -19.5.
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FT-IR (cm-1) (ranked intensity): 436 (15), 518 (3), 694 (1), 743 (4), 806 (6), 1027 (11),
1092 (7), 1182 (9), 1251 (10), 1434 (2), 1480 (5), 1587 (13), 1760 (12), 2889 (14), 3053
(8).
EA: not obtained since the compound could only be obtained in 90% purity, the
impurities being solvent and free cod, which could not be completely removed because of
decomposition during the removal of the remaining volatiles.
Synthesis of 5.8: Two equivalents of Co2(CO)8 (0.21 g, 1.47 mmol; n-pentane 2 mL) was
added to 5.4Me2 (0.38 g, 0.73 mmol; n-pentane 2 mL). The reaction was allowed to stir
for an hour after which, all volatiles were removed in vacuo resulting in a red-brown
solid.
Yield 0.64 g, 80%. DP: 70 ºC.
1

H NMR (C6D6, ! (ppm)): 0.16 (s, 6H, Me), 0.52 (s, 12H, Me), 5.84 (pt, 4H, Cp), 6.23

(pt, 4H, Cp), 7.02 (t, 2H, Ph), 7.10 (t, 4H, Ph), 7.61 (d, 4H, Ph).
13

C{1H} NMR (C6D6, ! (ppm)): 0.1 (SiMe2), 48.7 (TiMe2), 81.5 (SiCC), 106.7 (CCPh),

117.8 (Cp), 120.2 (Cpipso), 121.0 (Cp), 128.7 (Ph), 129.6 (Ph), 130.5 (Ph), 138.9 (Ph),
200.7 (b, CO).
29

Si NMR (C6D6, ! (ppm)): -8.6.

FT-IR (cm-1) (ranked intensity): 496 (6), 515 (5), 568 (8), 691 (9), 803 (4), 1049 (10),
1184 (12), 1253 (7), 1384 (14), 1478 (13), 2018 (1), 2049 (2), 2087 (3).
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Chapter 6
Side-chain Cobalt(I) Polymers Featuring a Substituted CpCoC4R4 Unit†
6.1. Introduction
A recent report on the synthesis of a side-chain cobaltocenium block copolymer
held our attention in this field.1 Examining the literature indicated a lack of side-chain
Co(I) polymers. The Co(I) unit (CpCoC4R4) is isoelectronic with the cobaltocenium
cation and has different properties due to its neutral charge, which provides good
solubility in many organic solvents. The CpCoCb backbone is easy to functionalize in
comparison to cobaltocene and this versatility could be exploited in tuning the properties
of the polymers formed.2-10
Side-chain polymers with particular functional groups are generated by two
standard procedures, post-functionalization and pre-functionalization (Scheme 6.1). In
the post-functionalization technique, the functional group is attached or appended to a
pre-formed polymer chain with a linker. In pre-functionalization, a polymerizable group
is integrated into the desired functional group with a linker chain/atom and the generated
monomer can then be polymerized.
Approach 1: Post-functionalization

Approach 2: Pre-functionalization
Polymerizable Group (PG)
Methacrylate or Acrylate
Linker
Functional Group
CpCoCb unit

Scheme 6.1. Two general approaches towards the synthesis of side-chain polymers with a
desired functional group.
†

This work has been published: Chadha, P.; Ragogna, P. J. Chem. Commun. 2011, 47, 5301-5303. Jackie
Price and Caleb Martin collected X-ray data for the solid-state structures reported, which I solved. Ali
Nazemi collected the GPC data for the polymers.
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The side-chain cobaltocenium polymer reported by Tang et al. (Scheme 6.2) was
generated by the post-functionalization approach, resulting in 70% incorporation of the
cobaltocenium unit1 but in a later report, the group utilized the pre-functionalization
approach to generate cobaltocenium polymers which allows for 100% incorporation of
the monomer into the polymer chain.11
O
Cl

Br
m
O

O

O

Co

PF6

Br
m

n
O

HO

Et3N, DMF

O

O

O

n
O

O
O

Co

PF6

Scheme 6.2. Side-chain cobaltocenium containing block copolymer synthesis.
In this regard, we report the first examples of CpCoCb compounds, which have
the cyclopentadienyl ring functionalized with vinyl groups and explore their reactivity
towards polymerization.
6.2. Results and Discussion
6.2.1. Synthesis of the Methacrylate and Acrylate Appended Monomers
In order to synthesize the methacrylate and acrylate derivatives 6.6 and 6.7, the
corresponding esters were reduced to the alcohol and treated with methacryloyl or
acryloyl chloride in the presence of Et3N to neutralize the HCl generated during the
reaction (Scheme 6.4). The ester (6.3) was synthesized by following the literature
procedure using LiCpCO2Me in place of the sodium salt (Scheme 6.3A).12 The lithium
salt (6.1) was prepared following a similar literature procedure for the sodium salt.12
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MeO
O
OMe
+ Ph

ClCo(PPh3)3 + Li

Ph

O

Toluene
THF
reflux, 5 h

Co
Ph

Ph
Ph

Ph
6.3

6.1

Scheme 6.3A. Synthesis of the parent ester complex 6.3.
MeO
O
OMe
Co
OC
I
CO

+

Li

n-Pentane

Co

THF
reflux, 5 h

O
6.1

6.2

Scheme 6.3B. Synthesis of the parent ester complex 6.2.
The ester 6.2 was obtained by a one-pot reaction of Cb*Co(CO)2I13 with
LiCpCO2Me (Scheme 6.3B). In an earlier report, McGlinchey and co-workers reported
that using the same approach for the synthesis of ethyl substituted cyclobutadiene
derivative (C5H4CHO)Co(C4Et4) resulted in the formation of tetraethyl-!-pyrone
complex [("5-C5H5)Co("4-C4Me4CO2)] (Figure 6.1) and so, they followed an alternative
approach employing ligand displacement with the isocobaltocenium salt [("6C6H5CH3)Co("4-C4Me4)]PF6 to prepare compound 6.2.14 However, in our attempts, no
formation of this by-product was observed. Compound 6.2 could be purified by
recrystallization from n-pentane at -30 °C, obviating the use of column chromatography.
The crude compound was of sufficient purity for further use.

Et
Et
Et

Co

Et

O

O

Figure 6.1. [("5-C5H5)Co("4-C4Me4CO2)] formed during the synthesis of
(C5H4CHO)Co(C4Et4) following the same procedure as in Scheme 6.3 above for
(C5H4CO2Me)Co(C4Me4).14
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The esters 6.2 and 6.3 were then hydrolyzed to the corresponding alcohols 6.4 and
6.5, using lithium aluminium hydride (LAH) in Et2O.14 A doublet (c.a. 4.34 ppm for 6.4
and 4.09 ppm for 6.6) for the methylene protons adjacent to the hydroxyl group and a
triplet for the hydroxyl proton (c.a. 1.30 ppm for 6.4 and 0.96 ppm for 6.5) in the proton
NMR spectra of 6.4 and 6.5 were diagnostic of alcohol formation.
O
MeO

O

HO
O

R
R

O
LAH

Co
R
R

Et2O, 4 h

R
R

6.2 R = Me
6.3 R = Ph

Cl

Co
R
R

6.4 R = Me
6.5 R = Ph

DCM
Et3N

R
R

Co
R
R

6.6 R = Me
6.7 R = Ph

Scheme 6.4. Synthesis of the alcohols (6.4 and 6.5) and the corresponding methacrylate
appended complexes 6.6 and 6.7.
Upon treatment of the alcohols (6.4 and 6.5) with methacryloyl chloride, a
downfield shift ("# = 0.6 ppm for 6.6 and "# = 0.4 ppm for 6.7), as well as conversion of
a doublet for the CH2 protons adjacent to the hydroxyl group, to a singlet was observed.
Also, the absence of the hydroxyl vibration ($ = ~3200 cm-1) and the presence of a
terminal alkene ($ = ~1630 cm-1) and ketone ($ = ~1700 cm-1) stretches were observed
in the FT-IR spectra of compounds 6.6 and 6.7.
Compounds 6.6 and 6.7 were then subjected to polymerization conditions
using the radical initiator AIBN (10 mol%) at 60 °C for 24 h in C6 D6. The reaction
was monitored by 1H NMR spectroscopy for the loss of the terminal alkene protons.
Decomposition was observed for compound 6.6 and no sign of polymerization was
detected in either case. The lack of reactivity towards polymerization in compounds
6.6 and 6.7 was attributed to the steric bulk of the system, which is apparent on
evaluating the solid-state structure of compound 6.7 (Figure 6.2). Upon polymer
formation the bulky CpCo(C4 Ph4 ) would likely have too great a steric demand in the
polymer, thus preventing chain growth.
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Figure 6.2. Solid-state structure of compound 6.7. One of the two formula units within
the asymmetric unit is represented. Ellipsoids are drawn to 50% probability and hydrogen
atoms are omitted for clarity. Co-Cb = 1.979(3) – 2.004(3) Å, Co-Cb(centroid) = 1.697 Å,
Co-Cp = 2.046(4) – 2.079(4) Å, Co-Cp(centroid) = 1.671 Å, Cp(centroid)Co-Cb(centroid) =
176.4º, C(35)-O(1) = 1.357(4) Å, C(35)-O(2) = 1.211(4) Å, O(1)-C(35)-O(2) = 122.9(4)º,
C(36)-C(37) = 1.321(5) Å.
To provide more flexibility to the system, a spacer between the cobalt unit and
the polymerizable group was introduced and the acrylate unit was selected for its
increased reactivity towards polymerization as compared to methacrylates.15,16
The acrylate-appended monomer 6.10 was prepared by the reaction of the acid
chloride 6.9 with hydroxyethylacrylate (HEA) (Scheme 6.5). Compound 6.9 was
prepared by following the literature procedure from ester 6.3.12,17,18 Compound 6.10 was
comprehensively characterized by 1H, 13C{1H}, FT-IR, MS and EA.

180
O
O

H

HO

MeO
1) LiI
2,4,6-Collidine
reflux, 16 h

Co

Ph

Ph
Ph

Ph

OR
2) KOtBu
DMSO

O

Cl
O

O

DCM
DMF (cat.)

Co
Ph
Ph

6.3

O

O

Ph (COCl)2
Ph

Co

Ph
Ph

6.8

HEA
Ph DCM
Et3N
Ph

6.9

Co
Ph
Ph

Ph
Ph

6.10

Scheme 6.5. Synthesis of the hydroxyethylacrylate (HEA) appended Ph monomer 6.10
via the acid chloride 6.9.
Synthesis of the methyl derivative of 6.10 (where the Cb ring bears Me
substituents) proved to be difficult since the hydrolysis of the ester 6.2 into the
corresponding acid was not successful. Following the same protocol as for the phenyl
derivative, resulted in decomposition of the compound. An alternative approach was to
attach a bromo-alcohol chain to the alcohol 6.4 and subsequent reaction with acryloyl
chloride (Scheme 6.6). Deprotonation of 6.4 with KOtBu followed by the addition of
THP protected 3-bromo-propanol (6.12)19 resulted in the formation of an intractable
mixture of compounds.
THPO

HO

O

KOtBu, THF

Co
Br
6.4

Co

OTHP
6.12

6.13

Scheme 6.6. Attempted synthesis of 6.13 via deprotonation of the alcohol 6.4 and
subsequent reaction with 6.12.
The same reaction was also tested with the phenyl derivative (6.5) and similar
results were obtained. In order to ensure that the deprotonation of the alcohol with the
base KOtBu was not compromised, a test reaction was carried out with propargyl
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bromide instead of 6.12 (Scheme 6.7). Reaction of 6.5 with KOtBu followed by propargyl
bromide resulted in the formation of the desired compound 6.15 in good yields, which
was fully characterized. The presence of the terminal alkyne was confirmed by FT-IR ($
= 3290 cm-1) spectroscopy. This proved that deprotonation of the alcohol was not an
issue and suggested that the reaction of 6.12 with the deprotonated alcohol was
problematic.
H

THPO

HO

O

KOtBu, THF

Co
Ph
Ph

Ph

H
Br

Ph

O

KOtBu, THF

Co
Ph
Ph

6.15

6.5

Ph Br
Ph

OTHP
6.12

Co
Ph
Ph
Ph
Ph
6.14

Scheme 6.7. Reaction of 6.5 with propargyl bromide indicating that the deprotonation of
the alcohol is not problematic.
An alternative route to introduce a spacer was to pre-functionalize the Cp unit
before the formation of the cobalt complex. In this regard, the THP protected 3-bromopropanol (6.12) was treated with LiCp to produce the derivatized Cp compound 6.1320
following the literature procedure (Scheme 6.8). Ligand 6.16 was deprotonated with
n

BuLi to obtain 6.16Li and subsequently reacted with Cb*Co(CO)2I to obtain 6.17 with a

three atom spacer between the cobalt unit and protected alcohol. However, compound
6.17 proved to be quite unstable, and all deprotection methods attempted to obtain 6.18
resulted in decomposition of the compound. Full characterization of 6.17 could not be
carried out due to its instability.
THPO

6.12
LiCp

Br

OTHP
n-Pentane

OTHP

THF, -40 0C

nBuLi,

6.16

0 0C

OTHP
Cb*Co(CO)2I

Li
6.16Li

THF/n-Pentane
reflux, 3 h

Co

HO

deprotection

6.17

Scheme 6.8. Attempted synthesis of 6.17 via pre-functionalization of the Cp ring.

Co

6.18
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To eliminate the alcohol protection/deprotection step from the synthesis,
lithium(1-carboxy-propan-3-ol)cyclopentadiene (6.19)21 was introduced (Scheme 6.9).
Compound 6.19† was treated with Cb*Co(CO)2I to obtain 6.20 which was sufficiently
stable to be purified by column chromatography.
O
OH

LiCp

O

O

HO

O

Cb*Co(CO)2I

Li

THF

O
6.19

THF
-LiI

R

O

Co

6.20

O

O
Cl

R
DCM
Et3N

Co

6.21 R = Me
6.22 R = H

Scheme 6.9. Pre-functionalization approach to the synthesis of monomers 6.21 and 6.22
via 6.19, which excludes the need for protection/deprotection of the alcohol.
Alcohol 6.20 was reacted with methacryloyl and acryloyl chloride to obtain 6.21
and 6.22, respectively. X-ray quality crystals were obtained for 6.22 from a concentrated
n-pentane solution at -30 °C (Figure 6.3), which confirmed the expected bonding
arrangement. Table 6.1 lists the X-ray structural details of compound 6.22. Compounds
6.10, 6.21 and 6.22 were then subjected to polymerization.

†

The lithium salt (LiC5H4CO(CH2)3OH) (6.19) could not be generated in a pure form as compared with the
reported Na salt and therefore, a 5 fold excess was used. Use of NaC5H4CO(CH2)3OH resulted in reduced
selectivity for the formation of the alcohol (6.20) and other by-products were generated which were very
difficult to separate from the desired compound (6.20). The impurity present in the Li salt did not affect
further reaction. So, use of the lithium salt was preferred.
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Figure 6.3. Solid-state structure of compound 6.22. Ellipsoids are drawn to 50%
probability and hydrogen atoms are omitted for clarity. Co-Cb = 1.973(2) – 1.987(2) Å,
Co-Cb(centroid) = 1.692 Å, Co-Cp = 2.054(2) – 2.098(2) Å, Co-Cp(centroid) = 1.682 Å,
Cp(centroid)Co-Cb(centroid) = 179.0º, C(14)-O(1) = 1.221(3) Å, C(18)-O(2) = 1.343(3) Å,
C(18)-O(3) = 1.203(3) Å, O(2)-C(18)-O(3) = 123.4(2)º, C(19)-C(20) = 1.316(3) Å.
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Empirical formula
Formula weight
Crystal system
Space group
a (Å)
b (Å)
c (Å)
! (º)
! (º)
" (º)
V (Å3)
Z
Dc (Mg m-3)
µ (mm-1)
Observed reflections
Data-restraintsparameters
R indices [I>2%(I)]a,b
R indices (all data)a,b

6.7
C38H31Co1O2
578.56
Triclinic
P-1
11.3589(9)
14.9260(13)
18.7194(15)
70.488(2)
78.390(2)
73.833(2)
2851.3(4)
4
1.348
0.636
60821
13077-0-741

6.22
C20H25Co1O3
372.33
Triclinic
P-1
8.3122(4)
10.9110(5)
11.2874(5)
82.551(2)
68.949(2)
75.849(3)
925.40(7)
2
1.336
0.941
38362
5983-0-225

0.059, wR2 = 0.108
0.118, wR2 = 0.127

0.043, wR2 = 0.082
0.078, wR2 = 0.094

a

R(F) = #| |Fo|$ |Fc| |/#|Fo|; wR(F2) = [#w(Fo2 $ Fc2)2]1/2; S = [#w(Fo2 $ Fc2)2/(n $ p)]1/2 (n = no. of
data; p = no. of parameters varied.b w = 1/[%2(Fo2) + (aP)2 + bP] where P = (Fo2 + 2Fc2)/3 and a and b are
constants suggested by the refinement program.

Table 6.1. X-ray structural details for compounds 6.7 and 6.22.
6.2.2. Synthesis of the Polymers
Methacrylate and acrylate functionalities can be polymerized by free radical and
anionic chain growth techniques. The free radical approach is most widely followed and
can be further divided into conventional and living free radical methods.15 Conventional
free radical method utilizes free radical initiators such as azobis(isobutyronitrile) (AIBN)
and does not allow good control over molecular weight. Atom Transfer Radical
Polymerization (ATRP) is a living radical polymerization technique, which allows good
control over the molecular weight of the polymer and in achieving low polydispersity
index (PDI) values.
Following the ATRP approach, the polymerization reactions were performed in JYoung tubes. The NMR tube was charged with the monomer (6.10 and 6.22
respectively),

ethyl-bromo-isobutyrate

(EBiB)

(initiator),

CuBr

(catalyst)

and

pentamethyldiethylene-triamine (pmdeta) (ligand) in C6D6 (under N2) (Scheme 6.10).
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The reaction mixture was heated in an oil bath at 80 °C and the progress of the reaction
was monitored at regular intervals by 1H NMR spectroscopy. The disappearance of the
vinylic protons from the acrylate unit was the diagnostic feature since the rest of the
peaks shifted very little. The first attempt was made with 1 mol% of the initiator (keeping
the mol% of initiator:catalyst:ligand constant) and no polymerization was observed in
6.10 and 6.22. On increasing the initiator to 10 mol%, the reaction was observed to go to
70% completion in 6.10 and only 10% in 6.22 over a period of 4 d at 80 °C. No further
conversion was observed.
O

H

O

H

n

O
O
O

polymer 6.11B

AIBN, 0.1 mol%
2.5 d, 60

0C,

C6D6

Ph
6.10

O

O

Br

CuBr, Pmdeta, EBiB
4 d, 80 0C, C6D6

Co
Ph
Ph

O

10 mol%

O

polymer 6.11A

Ph

AIBN, 1 mol%
2.5 d, 60 0C, C6D6

Co
Ph
Ph

Ph
Ph

6.11

polymer 6.11C

Scheme 6.10. Polymerization of the phenyl derivative (6.10) by conventional free radical
and ATRP methods. Polymers 6.11A-C have the same general structure and vary in n
(number of monomer units in the chain).
Precipitation of green solids (likely resulting from the oxidation of CuBr) was
observed during the polymerization process, which could be a potential reason for the
cessation of the reaction; however, adding more CuBr did not result in further
polymerization. No decomposition of the monomers was observed during the course of
the reaction. Changing the solvent from C6D6 to THF did not improve the polymerization
either. The reaction mixture was quenched with dry MeOH in the glove box. The Ph
polymer precipitated upon addition of MeOH whereas the Me polymer did not. For the
Ph polymer 6.11A, the supernatant was removed and the solids were redissolved in DCM
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and precipitated into rapidly stirring n-pentane solution twice to purify the polymer and
to remove any left over unreacted monomer. For the Me polymer, the solvent was
removed after quenching with MeOH, the compound was redissolved in DCM-Et2O and
precipitated into rapidly stirring n-pentane solution twice to obtain the polymer. Proton
NMR spectra of the isolated polymer and the monomer (Figures 6.4 and 6.5), show the
disappearance of the vinylic protons, a general broadening of the spectra and the
appearance of broad peaks in the alkyl region (1.5 – 2.5 ppm) of the polymer
corresponding to the conversion of vinylic CH=CH2 group into internal CH–CH2–
fragments. The isolated yield of the Me polymer by the ATRP method was too low to
carry on any further investigations. Also, since it showed only a 10% conversion with 10
mol% initiator, likely only small oligomers were formed.
Ph (Cb)

Ph Monomer (6.10)
Cp
CH2

CH=CH2

EtOAc

Ph Polymer (6.11A)

DCM

CH-CH2

Figure 6.4. Proton NMR spectrum of Ph Monomer (6.10) and Ph Polymer 6.11A.
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Me (Cb*)

Me Monomer (6.22)

Cp
CH=CH2

CH2

CH2
Et2O

Et2O

Me Polymer (6.23)
CH-CH2

Figure 6.5. Proton NMR spectrum of Me Monomer (6.22) and Me Polymer 6.23.
Since the ATRP method resulted in slow reaction and non-quantitative conversion
of the monomers to polymers, the conventional free radical method was investigated
using AIBN (Schemes 6.10 and 6.11). While in the case of 6.10, polymerization was
observed with 1 mol% as well as 0.1 mol% AIBN, 9 mol% AIBN was required for 6.22
to observe any polymerization. Over a period of 3 d at 60 °C, 90% completion (by 1H
NMR) was observed for 6.11B and 6.11C; only 65% completion for 6.23. No further
change was observed. The work-up was performed as described above for the ATRP
method and the polymers obtained were characterized. It should be noted that no
polymerization was observed in the case of 6.21 under any of the above conditions. This
could be due to the low reactivity of the methacrylate unit in the present system or
possible chain transfer processes involving the organometallic moiety.15,16 This is,
however, in contrast with the analogous ferrocene compounds reported by Tang et al.
where the methacrylate species was found to be more reactive towards polymerization.22

188
H

O

n
H

O

O

O

O

Co

6.22

O
AIBN, 9 mol%
3 d, 60 0C, C6D6
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polymer 6.23

Scheme 6.11. Polymerization of the methyl derivative (6.22) by conventional free radical
method.
Fourier transform infrared spectroscopy was also diagnostic in the case of the Ph
polymer but not in the Me polymer case. Figure 6.6A shows the absence of the vibration
at 1635 cm-1 after polymerization, which is due to the loss of the terminal double bond. In
the case of 6.22, the alkene vibration is overlapped with other characteristic peaks from
the compound (Figure 6.6B).

C=C

Figure 6.6A. FT-IR Spectra of Ph Monomer (6.10) and Polymer 6.11A.
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C=C

B
Figure 6.6B. FT-IR Spectra of Me Monomer (6.22) and Me Polymer (6.23).
The molecular weights of the polymers 6.11 A-C and 6.23 were determined
relative to polystyrene by Gel Permeation Chromatography (GPC) (Figure 6.7) from
which, the absolute molecular weights were calculated. Table 6.2 lists the PDI values and
Mn (number average molecular weight) of the polymers.

Figure 6.7. Stack plot of GPC traces of Ph Polymers 6.11A-C and Me Polymer (6.23);
(red - 6.11A, green - 6.11B, yellow - 6.11C, pink - 6.23)
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Polymer

Method

Mol%

PDI

6.11A
6.11B
6.11C
6.23

ATRP
AIBN
AIBN
AIBN

10%
0.1%
1.0%
9.0%

1.1
2.1
1.9
1.3

Mn (g/mol)
(x 103)
3.6
30.5
26.1
10.6

n
6
49
42
28

% yield
(isolated)
60
70
70
50

n = av. number of monomer units incorporated in the polymer based on Mn (absolute mol. wt.) obtained
from GPC; Mol% = mol% of the initiator with respect to the monomer 6.10 or 6.22 respectively.

Table 6.2. Summary of the molecular weights and PDI of Polymers 6.11A-C and 6.23.
As expected, oligomer 6.11A generated from the ATRP method has the lowest
PDI, but due to the high mol% of the initiator that was required for the reaction to
proceed, a low molecular weight was obtained (Mn = 3600 g/mol) which accounts for a
minimum of 6 units in the polymer chain. Polymer 6.11B had a slightly higher molecular
weight compared to 6.11C (Table 6.2), but not 10% higher as would be expected since
10% less initiator was used. This could be due to a saturation of the number of units that
could be incorporated based on the steric effects of the monomer units (n = 42 for 6.11B
and n = 49 for 6.11C). Higher PDI values are expected with the conventional free radical
approach. Methyl substituted polymer 6.23 had a lower molecular weight (Mn = 10600
g/mol), again due to the higher percentage of the initiator required. An average of 28
monomer units were incorporated in polymer 6.23. This is higher than the expected value
(n = 11; based on 9 mol% initiator used) and suggests that the free radicals generated
during the propagation of the polymer chain are short-lived and have to be regenerated.
6.2.3. Thermal Analysis of the Polymerizable Monomers and Polymers
Thermal Gravimetric Analysis (TGA) was used to determine the thermal stability
of the polymerizable monomers and polymers (Figure 6.8). Phenyl monomer 6.10 and the
corresponding polymers 6.11A-C exhibit stability up to 360 °C. The methyl-substituted
monomer 6.22 exhibits lower thermal stability (Td = 214 °C) as expected due to the lower
stability of CpCoC4Me4 compounds in general.

Polymer 6.23, prepared from 6.22,

exhibited 2 continuous stages of weight loss: 235-306 °C and 310-410 °C. The first event
is likely due to the degradation of the cobalt unit followed by the degradation of the
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polymer backbone. The TGA experiment indicates high thermal stability of C4Ph4 species
over C4Me4 group.

Figure 6.8. TGA curve displaying the decomposition temperatures (Td) of the monomers
and corresponding polymers. Ph Monomer (6.10) (Td = 367 °C), Polymer 6.11A (Td =
364 °C), Polymer 6.11B (Td = 384 °C), Polymer 6.11C (Td = 387 °C), Me Monomer
(6.22) (Td = 214 °C), Polymer 6.23 (Td = 235 °C).

Differential Scanning Calorimetry (DSC) of the Ph monomer showed a melting
endotherm at 120 °C and an exotherm for polymerization at 128 °C. Only a glass
transition (Tg = 68 °C) was observed in the second heat cycle showing thermal
polymerization of the monomer (Figure 6.9). However, for 6.22, no endotherm or
exotherm was observed from -80 °C to 200 °C (before decomposition).
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Figure 6.9. DSC curve for Ph monomer 6.10 displaying a melting endotherm (Tm = 120
°C), followed by an exotherm for polymerization.
The glass transition temperature (Tg) of the polymers was determined by DSC
(Figure 6.10). Polymers 6.11A, 6.11B and 6.11C exhibit Tg at 99 °C, 125 °C and 130 °C
respectively, indicating that the Tg is higher for higher molecular weight polymers.
Polymer 6.23 had a much lower Tg at 43 °C.
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Figure 6.10. DSC curve displaying the glass transition temperatures (Tg) of the
monomers and corresponding polymers. Ph Monomer (6.10) (Tg = 68 °C), Polymer
6.11A (Tg = 99 °C), Polymer 6.11B (Tg = 125 °C), Polymer 6.11C (Tg = 130 °C) and
Polymer 6.23 (Tg = 43 °C).
6.3. UV-Visible Spectroscopy of the Monomers and Polymers
UV-Visible spectra of the polymer and the corresponding monomer reveal a
similar pattern (Figure 6.11) suggesting that the cobalt unit is intact on polymer
formation. A slight blue shift of the characteristic &-&* transition in these type of
compounds8 is observed in the methyl derivative, in comparison with the phenyl
derivative.
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Figure 6.11. UV-Vis Spectra of Ph Monomer (6.10), Polymer 6.11A, Me Monomer
(6.22) and Me Polymer (6.23). All spectra were recorded in dry DCM using 10-4 M
solutions.
6.4. Conclusions
A novel class of cobalt(I) monomers CpCo(C4R4) (where R = Me, Ph) bearing
methacrylate and acrylate groups on the cyclopentadienyl ring have been prepared.
Methacrylate functionalized

compounds were found

to

be

inactive towards

polymerization in all cases. Acrylate appended compounds were successfully
polymerized using a free radical method generating the first examples of CpCo(C4R4)
bearing polymers with an acrylate backbone. Preliminary investigations were carried out
with the ATRP method. Multinuclear NMR spectroscopy, FT-IR spectroscopy, UV-Vis
spectroscopy, mass spectrometry, DSC, TGA, GPC and X-ray crystallography have been
used to comprehensively characterize the monomers and polymers (where applicable).
Preliminary cyclic voltammetric studies indicate an electrochemically irreversible
behaviour for the polymers as well as monomers. † This work lays down the foundation
for a new field of cobalt(I) polymers, which can be extended in various directions.
†

Cyclic Voltammetric traces of selected examples are shown in Figure A.1 (see Appendix 1).
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6.5. Experimental
6.5.1. Materials
Dicyclopentadiene, dimethyl carbonate, diphenyl acetylene, '-Butyrolactone, 2butyne, nBuLi (1.6 M solution in n-hexanes), AlCl3 and PPh3 were purchased from
Aldrich. Dicylopentadiene was distilled via a 30 cm column to obtain cyclopentadiene
which was subsequently converted to the lithium cyclopentadienide and stored in the
glovebox. Lithium carbomethoxycyclopentadienide was prepared using the literature
procedure for the synthesis of the sodium salt.12 Triethylamine and N, N, N(, N(, N)pentamethyldiethylene triamine (pmdeta) were purchased from Aldrich and distilled from
KOH prior to use. Methacryloyl chloride (Alfa Aesar), acryloyl chloride (Alfa Aesar) and
hydroxyethyl acrylate (Alfa Aesar) were distilled before use and stored at -30 °C under
nitrogen in dark. Lithium aluminium hydride (LAH), ethyl 2-bromoisobutyrate (EBiB),
azobis(isobutyronitrile) (AIBN) and CuBr were purchased from Alfa Aesar. Lithium (1carboxy-propan-3-ol)cyclopentadiene,21

the

Co(I)

precursors

ClCo(PPh3)323

and

Cb*Co(CO)2I13 as well compounds, 6.312 and 6.912 were prepared following literature
procedures

with

a

slight

modification

of

using

the

lithium

carbomethoxycyclopentadienide instead of the sodium salt. Compound 6.214 was
prepared by a procedure which, was reported earlier to result in the formation of other byproduct. Neutral alumina (60 – 325 mesh, Brockman Activity 1) was obtained from
Fischer Scientific and silica gel (230 – 400 mesh) was obtained from Silicycle.
6.5.2. Synthesis
6.5.2.1. Monomer Synthesis
Synthesis of 6.2: A solution of LiCpCO2Me (2.40 g, 18.3 mmol; THF, 30 mL) was
added to a solution of Cb*Co(CO)2I (4.47 g, 12.8 mmol; n-pentane, 60 mL) at RT under
N2. The mixture was then refluxed for 5 h, after which, the volatiles were removed in
vacuo. The resulting mixture was redissolved in a 1:1 mixture of n-pentane/Et2O (20 mL
each) and filtered to remove the solids. The supernatant was concentrated resulting in an
oily residue. This residue was washed with cold n-pentane (10 mL x 2) and the washings
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were discarded. The orange powder left was good enough for further synthesis. If desired,
the compound could be recrystallized from n-pentane at -30 °C.
Yield 2.70 g, 73 %. MP: 62 ºC.
1

H NMR (CDCl3, ! (ppm)): 1.46 (s, 12H, CH3(Cb*)), 3.92 (s, 3H, OMe), 4.74 (pt, 2H,

C5H4), 5.24 (pt, 2H, C5H4).
13

C{1H} NMR (CDCl3, ! (ppm)): 10.5 (CH3(Cb*)), 53.5 (OCH3), 78.0 (Cb*), 82.3

(Cpipso), 82.5 (Cp), 84.9 (Cp).
EI-MS (m/z, %): M+ (290, 100%).
HRMS (EI) for C15H19CoO2 (found/calculated): (290.072/290.072).
General synthesis of compounds 6.4 and 6.5: The synthesis of the alcohol substituted
compounds 6.4 and 6.5 was carried out following the literature procedure used for other
derivatives of this kind.14 Lithium aluminium hydride (LAH; 5 stoichiometric
equivalents) was added to an Et2O solution of the ester (6.2, 6.3) and stirred for 4 h at
room temperature under nitrogen. After that the reaction mixture was cooled to 0 °C and
quenched with water. The organic layer was separated and the aqueous layer was further
extracted with DCM. The combined organic layers were dried over MgSO4 and
concentrated to obtain a yellow solid.
Compound 6.4: Compound 6.2 (0.30 g, 1.03 mmol; Et2O 15 mL) and LAH (0.20 g, 5.27
mmol) were used.
Yield 0.12 g, 44%. MP: 73 ºC.
1

H NMR (CDCl3, ! (ppm)): 1.52 (s, 12H, CH3(Cb*)), 1.68 (b, 1H, OH), 4.30 (b, 2H,

CH2), 4.48 (b, 2H, C5H4), 4.53 (b, 2H, C5H4).
13

C{1H} NMR (CDCl3, ! (ppm)): 10.7 (CH3(Cb*)), 60.2 (CH2), 74.9 (Cb*), 79.6 (Cp ),
!

81.1 (Cp ), 96.6 (Cpipso).
#

FT-IR (cm-1) (ranked intensity): 687 (12), 735 (13), 806 (2), 822 (9), 857 (14), 992 (1),
1034 (3), 1235 (7), 1369 (6), 1452 (8), 2873 (5), 2935 (10), 2959 (11), 3069 (15), 3258
(4) (OH).
EI-MS (m/z, %): M+ (262, 100%).
HRMS (EI) for C14H19CoO (found/calculated): (262.077/262.077).
EA (found/calculated): C (64.00/64.12), H (7.35/7.30).
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Compound 6.5: Compound 6.3 (5.4 g, 10 mmol; Et2O 100 mL) and LAH (1.9 g, 50
mmol) were used. The compound was further purified by column chromatography. Crude
compound was loaded onto silica gel in 30% DCM/n-pentane. Some unreacted starting
material (6.3) eluted first and then an unidentified yellow band eluted in 70% DCM/npentane followed by an orange band of the alcohol 6.5 eluted with 80% DCM/n-pentane.
Yield 3.6 g, 70%. MP: 178 ºC.
1

H NMR (CDCl3, ! (ppm)): 0.96 (t, 3J = 6.6 Hz, 1H, OH), 4.09 (d, 3J = 6.6 Hz, 2H,

CH2), 4.61 (pt, 2H, C5H4), 4.71 (pt, 2H, C5H4), 7.19-7.29 (m, 14H, CH(Ph)), 7.46 (d, 6H,
CH(Ph)).
13

C{1H} NMR (CDCl3, ! (ppm)): 59.5 (CH2), 75.1 (Cb), 81.7 (Cp ), 83.9 (Cp ), 98.8
!

#

(Cpipso), 126.7 (Ph), 128.3 (Ph), 128.9 (Ph), 136.3 (Ph).
FT-IR (cm-1) (ranked intensity): 697 (1), 735 (3), 745 (4), 779 (6), 822 (7), 910 (10),
1004 (9), 1026 (8), 1039 (12), 1066 (13), 1447 (11), 1499 (2), 1597 (5), 3058 (15), 3262
(14) (OH).
EI-MS (m/z, %): M+ (510, 100%).
HRMS (EI) for C34H27CoO (found/calculated): (510.140/510.139).
General synthesis of compounds 6.6 and 6.7: 1.5 stoichiometric equivalents of Et3N,
followed by methacryloyl chloride were added to a solution of the alcohol (6.4 or 6.5)
under nitrogen at -10 °C and the reaction mixture was stirred for 4 h. In the case of 6.4,
the solution turned green, however, no colour change was observed for 6.5. After 4 h, the
reaction mixture was quenched with water (in air), the aqueous layer extracted with DCM
and the combined organic layers dried over MgSO4 and concentrated.
Compound 6.6: Compound 6.4 (0.24 g, 0.93 mmol; DCM, 10 mL), Et3N (0.2 mL, 1.43
mmol) and C4H5OCl (0.14 mL, 1.45 mmol) were used. The crude oily solids obtained
from extraction were redissolved in Et2O and the solids were discarded. The Et2O was
concentrated to give pale yellow solids and the solids were further purified by
sublimation at 65 °C. For long periods, the product was stored under nitrogen.
Yield 0.19 g, 63%. MP: 62 ºC.
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1

H NMR (CDCl3, ! (ppm)): 1.53 (s, 12H, CH3(Cb*)), 1.93 (s, 3H, CH3), 4.54 (pt, 2H,

C5H4), 6.61 (pt, 2H, C5H4), 4.93 (s, 2H, CH2), 5.53 (bs, 1H, =CH2), 6.10 (bs, 1H, =CH2).
13

C{1H} NMR (CDCl3, ! (ppm)): 10.7 (CH3(Cb*)), 18.6 (CH3), 62.7 (CH2), 75.4 (Cb*),

81.2 (Cp ), 81.5 (Cp ), 90.0 (Cpipso), 125.5 (=CH2), 136.8 (C=CH2), 168.0 (CO).
#

!

FT-IR (cm-1) (ranked intensity): 806 (3), 906 (9), 952 (7), 1027 (8), 1151 (1), 1244 (15),
1268 (14), 1292 (6), 1315 (5), 1370 (11), 1445 (4), 1632 (13) (C=C), 1708 (2) (CO),
2909 (10), 2957 (12).
EI-MS (m/z, %): M+-Ph (252, 100%), M+ (330, 60%).
HRMS (EI) for C18H23CoO2 (found/calculated): (330.102/330.103).
EA (found/calculated): C (65.43/65.45), H (7.06/7.02).
Compound 6.7: Compound 6.5 (1.47 g, 2.88 mmol; DCM, 10 mL), Et3N (0.6 mL, 4.29
mmol) and C4H5OCl (0.41 mL, 4.25 mmol) were used. The crude compound (after
extraction) was further purified by column chromatography on neutral alumina. The
column was packed in 2% EtOAc/n-pentane and the compound eluted with 10-13%
EtOAc/n-pentane (10% DCM can also be added to this mixture to make the compound
elute faster) to give a yellow powder. X-ray quality crystals were obtained from a
concentrated DCM solution at -30 °C.
Yield 1.13 g, 68%. MP: 171 ºC.
1

H NMR (CDCl3, ! (ppm)): 1.87 (bs, 3H, CH3), 4.52 (s, 2H, CH2), 4.66 (pt, 2H, C5H4),

4.78 (pt, 2H, C5H4), 5.48 (pt, 1H, =CH2), 5.97 (bs, 1H, =CH2), (7.22-7.29 (m, 12H,
CH(Ph)), 7.47-7.50 (m, 8H, CH(Ph)).
13

C{1H} NMR (CDCl3, ! (ppm)): 18.5 (Me), 61.4 (CH2), 75.4 (Cb), 83.7 (Cp ), 84.3
#

(Cp ), 91.9 (Cpipso), 125.6 (=CH2), 126.6 (Ph), 128.2 (Ph), 129.0 (Ph), 136.1 (Ph), 136.4
!

(C(Me)=CH2), 167.2 (CO).
FT-IR (cm-1) (ranked intensity): 704 (2), 746 (5), 780 (6), 815 (8), 913 (13), 939 (14),
962 (15), 1024 (12), 1149 (1), 1297 (9), 1318 (11), 1447 (10), 1497 (4), 1595 (7), 1638
(20) (C=C), 1718 (3) (CO).
EI-MS (m/z, %): M+ (578, 80%).
HRMS (EI) for C38H31CoO2 (found/calculated): (578.165/578.166).
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Synthesis of 6.10: Hydroxyethylacrylate (HEA) (0.8 mL, 7.62 mmol) was added to a
solution of 6.92 (2.00 g, 3.68 mmol; DCM, 20 mL) followed by the addition of Et3N (3
mL, 21.52 mmol) at RT and the reaction mixture stirred for 15 h. The reaction was then
quenched with water and the combined organic layers were collected, dried over MgSO4
and concentrated to give orange oil. Further purification was carried out by column
chromatography over neutral alumina and the compound eluted with 10% EtOAc/npentane. The solvent was removed in vacuo to obtain yellow solids.
Yield 1.18 g, 50%. MP: 120 ºC.
1

H NMR (CDCl3, ! (ppm)): 3.76 (t, 3J = 4.6 Hz, 2H, CH2), 4.14 (t, 3J = 4.6 Hz, 2H,

CH2), 4.80 (pt, 2H, C5H4), 5.21 (pt, 2H, C5H4), 5.84 (d, 3J = 10.4 Hz, 1H, =CH2), 6.11
(dd, 3J = 10.4 Hz, 17.3 Hz, 1H, CH=CH2), 6.42 (d, 3J = 17.3 Hz, 1H, =CH2), 7.20-7.29
(m, 12H, CH(Ph), 7.43 (d, 8H, CH(Ph)).
13

C{1H} NMR (CDCl3, ! (ppm)): 62.1 (CH2), 62.4 (CH2), 76.7 (Cb), 85.0 (Cp ), 86.4
#

(Cpipso), 86.6 (Cp ), 127.0 (Ph and CH), 128.3 (Ph), 129.0 (Ph), 131.5 (=CH2), 135.2 (Ph),
!

165.9 and 166.1 (CO).
FT-IR (cm-1) (ranked intensity): 565 (7), 588 (15), 703 (4), 746 (8), 783 (10), 809 (12),
1136 (3), 1198 (5), 1277 (6), 1298 (14), 1462 (13), 1499 (11), 1636 (26) (C=C), 1708 (1)
(CO), 1728 (2) (CO).
EI-MS (m/z, %): M+ (622, 100%).
HRMS (EI) for C39H31CoO4 (found/calculated): (622.156/622.155).
EA (found/calculated): C (75.21/75.24), H (5.13/5.02).
Synthesis of 6.15: Potassium tbutoxide (0.02 g, 0.18 mmol) was added to a solution of
6.5 (0.05 g; 0.10 mmol; THF, 10 mL) at RT under N2. The solution was stirred for 1.5 h
and then, propargyl bromide (0.036 mL, 0.2 mmol, 80 wt% soln in toluene) was added.
The reaction mixture was then stirred for 18 h and then quenched with water and brine
solution. The organic layer was separated, dried over MgSO4 and the solvent was
removed by rotary evaporation. The solids obtained were subjected to column
chromatography over silica gel and the desired fraction was eluted with 40-50% DCM/npentane.
Yield 0.50 g, 90%. MP: 185 ºC.
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1

H NMR (CDCl3, ! (ppm)): 2.38 (t, 4J = 2.3 Hz, 1H, CCH), 3.90 (d, 4J = 2.3 Hz, 2H,

CH2), 3.91 (s, 2H, CH2), 4.65 (pt, 2H, C5H4), 4.72 (pt, 2H, C5H4), 7.22-7.29 (m, 14H,
CH(Ph)), 7.47-7.49 (m, 6H, CH(Ph)).
13

C{1H} NMR (CDCl3, ! (ppm)): 56.7 (CH2O), 65.8 (CH2CC), 74.4 (Cb), 75.2 (CCH),

79.9 (CH2CC), 83.5 (Cp ), 84.5 (Cp ), 92.8 (Cpipso), 126.5 (Ph), 128.2 (Ph), 129.0 (Ph),
!

#

136.3 (Ph).
FT-IR (cm-1) (ranked intensity): 542 (8), 589 (5), 616 (2), 645 (13), 662 (9), 673 (11),
825 (4), 1023 (1), 1036 (6), 1262 (14), 1342 (7), 1444 (3), 2855 (15), 2923 (10), 3290
(12) (CCalkyne).
EI-MS (m/z, %): M+ (548, 100%).
HRMS (EI) for C37H29CoO (found/calculated): (548.156/548.155).
Synthesis of 6.16: Compound 6.16 was prepared following a similar approach as for the
unprotected

3-hydroxypropylcyclopentadiene.20

1-Tetrahydroxypyranyloxy-3-

bromopropane19 (1.69 g, 7.60 mmol; THF, 3 mL) was added to a solution of LiCp (0.55
g, 7.60 mmol; THF, 20 mL) at -40 °C. The cold bath was removed after 40 min and the
reaction mixture was allowed to warm up to RT and stir for additional 5 h. The reaction
mixture was then diluted with n-pentane (20 mL) and quenched with water (20 mL). The
organic layer was then separated and the aqueous layer re-extracted with n-pentane (10
mL). The combined organic layers were dried over MgSO4, concentrated, and the
resulting pale yellow material was subjected to vacuum distillation. The desired product
was collected at 80 °C at 0.2 Torr.
Yield 0.5 g, 32%.
1

H NMR (CDCl3, ! (ppm)): 1.50-1.90 (m, 8H, CH2, THP + CH2CH2CH2), 2.42-2.52 (m,

2H, CH2), 2.92 (d, 3J = 12 Hz, 2H, C5H5) 3.39-3.55 (m, 2H, CH2O), 3.74-3.89 (m, 2H,
CH2O), 4.58 (b, 1H, CH, THP), 6.02-6.46 (m, 3H, C5H5).
Synthesis of 6.16Li: nBuLi (1.5 mL, 2.4 mmol; 1.6 M soln. in n-hexane) was added to a
solution of 6.16 (0.50 g, 2.4 mmol; n-pentane, 15 mL) at -30 °C under N2. The reaction
mixture was allowed to stir for 4 h, warming up to RT, after which, the white precipitate
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formed was allowed to settle. The supernatant was removed and the solids were dried in
vacuo.
Yield 0.45 g, 88%.
1

H NMR (C5D5N, ! (ppm)): 1.34-1.86 (m, 6H, CH2, THP), 2.22-2.30 (m, 2H, CH2),

2.89-3.02 (m, 2H, CH2), 3.45-3.50 (m, 1H, CH2O, THP), 3.66-3.71 (m, 1H, CH2O), 3.893.95 (m, 1H, CH2O, THP), 4.05-4.11 (m, 1H, CH2O), 4.70 (t, 3J = 3.6 Hz, 1H, CH, THP),
6.22 (pt, 2H, C5H4), 6.30 (pt, 2H, C5H4).
13

C{1H} NMR (C5D5N, ! (ppm)): 20.4 (CH2, THP), 26.4 (CH2, THP), 28.3 (C5H4CH2),

31.7 (CH2, THP), 33.9 (CH2), 62.4 (CH2O, THP), 68.9 (CH2O), 99.4 (CH, THP), 103.8
(Cp), 104.2 (Cp), 120.5 (Cpipso).
Synthesis of 6.20: A solution of LiC5H4CO(CH2)3OH (6.19) (2.42 g, 15.3 mmol; THF,
30 mL) was added to a solution of Cb*Co(CO)2I (1.07 g, 3.06 mmol; THF, 30 mL) at RT.
The reaction mixture was then refluxed for 2.5 h under N2, after which, the solvent was
removed by rotary evaporation. The residue was dissolved in DCM and washed with
water. The organic layers were combined and dried over MgSO4. The solvent was
removed by rotary evaporation and the crude compound was subjected to column
chromatography over silica gel. The compound was eluted with 30% EtOAc/DCM. The
compound was redissolved in Et2O and filtered through a kimwipe filter to remove any
undissolved particles present. The Et2O was then removed in vacuo to obtain an orange
oil.
Yield 0.41 g, 42%.
1

H NMR (CDCl3, ! (ppm)): 1.45 (s, 12H, (CH3(Cb*)), 1.94 (m, 2H, CH2), 2.69 (t, 3J =

4.95, OH), 2.80 (t, 3J = 3.76, CH2CO), 3.71 (m, 2H, CH2OH), 4.78 (pt, 2H, C5H4), 5.10
(pt, 2H, C5H4).
13

C{1H} NMR (CDCl3, ! (ppm)): 10.3 (CH3(Cb*)), 27.3 (CH2), 36.7 (CH2), 63.0

(CH2CO), 77.5 (Cb*), 80.8 (Cp ), 85.4 (Cp ), 92.5 (Cpipso), 200.3 (CO).
#

!

FT-IR (cm-1) (ranked intensity): 668 (11), 814 (8), 872 (14), 1027 (5), 1057 (4), 1260
(9), 1371 (3), 1419 (12), 1456 (1), 1559 (13), 1576 (15), 1653 (2) (CO), 2907 (6), 2936
(7), 3421 (10) (OH).
EI-MS (m/z, %): M+ (318, 100%).
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HRMS (EI) for C17H23CoO2 (found/calculated): (318.104/318.103).
EA (found/calculated): C (64.43/64.15), H (7.57/7.28).
Synthesis of 6.21: Methacryloyl chloride (0.24 mL, 2.36 mmol) was added to a solution
of Et2N (0.35 mL, 2.41 mmol) and 6.20 (0.61 g, 0.11 mmol; DCM, 15 mL) at -15 °C and
the reaction mixture stirred at RT for 5 h. The solution was then washed with water and
brine to remove the ammonium salt formed, the organic layer dried over MgSO4 and
concentrated to give orange oil. The compound was further purified by column
chromatography over neutral alumina and the compound eluted with 2% EtOAc/DCM
(Some other unidentified by-product is formed during the reaction and so, the column has
to be done slowly in order to obtain good separation). The compound was redissolved in
n-pentane and filtered through a kimwipe filter to remove any particles, followed by the
removal of n-pentane.
Yield 0.46 g, 62%.
1

H NMR (C6D6, ! (ppm)): 1.33 (s, 12H, CH3(Cb*)), 1.84 (s, 3H, CH3), 2.03 (m, 2H,

CH2), 2.52 (t, 3J = 7.3, CH2CO), 4.17 (t, 3J = 6.5, CH2OCO), 4.54 (pt, 2H, C5H4), 5.05
(pt, 2H, C5H4), 5.22 (bs, 1H, =CH2), 6.13 (bs, 1H, =CH2).
13

C{1H} NMR (CDCl3, ! (ppm)): 10.3 (CH3(Cb*)), 18.5 (CH3), 23.7 (CH2), 35.7

(CH2CO), 64.5 (CH2OCO), 77.3 (Cb), 80.7 (Cp ), 85.1 (Cp ), 92.6 (Cpipso), 125.5 (=CH2),
#

!

136.6 (C(Me)=CH2), 167.6 (OCO), 198.2 (CO).
FT-IR (cm-1) (ranked intensity): 668 (4), 1027 (14), 1165 (8), 1373 (9), 1437 (12), 1457
(3), 1507 (13), 1541 (10), 1559 (5), 1636 (7), 1653 (1) (CO), 1684 (11), 1700 (6), 1717
(2) (CO), 2907 (15).
EI-MS (m/z, %): M+ (386, 100%).
HRMS (EI) for C21H27CoO3 (found/calculated): (386.128/386.129).
EA (found/calculated): C (65.35/65.28), H (7.11/7.04).
Synthesis of 6.22: The same procedure was followed as for 6.21 except that acryloyl
chloride was used instead of methacryloyl chloride. Acryloyl chloride (0.11 mL, 1.36
mmol), Et3N (0.19 mL, 1.36 mmol) and 3a (0.34 g, 1.07 mmol; DCM, 15 mL) were used.
Column chromatography was performed on neutral alumina and the compound eluted
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with 10% EtOAc/DCM. The compound was crystallized from a concentrated n-pentane
solution at -30 °C for elemental analysis.
Yield 0.30 g, 76%.
1

H NMR (CDCl3, ! (ppm)): 1.42 (s, 12H, CH3(Cb*)), 2.05 (m, 2H, CH2), 2.71 (t, 3J =

7.41, CH2CO), 4.22 (t, 3J = 6.40, CH2OCO), 4.75 (pt, 2H, C5H4), 5.06 (pt, 2H, C5H4),
5.79 (d, 3J = 10.4 Hz, 1H, =CH2), 6.09 (dd, 3J = 10.4 Hz, 17.3 Hz, 1H, CH=CH2), 6.37
(d, 3J = 17.3 Hz, 1H, =CH2).
13

C{1H} NMR (CDCl3, ! (ppm)): 10.7 (CH3(Cb*)), 23.5 (CH2), 35.5 (CH2CO), 64.3

(CH2OCO), 77.3 (Cb*), 80.6 (Cp ), 85.1 (Cp ), 92.6 (Cpipso), 128.6 (CH=CH2), 130.8
#

!

(=CH2), 166.3 (COO), 198.1 (CO).
FT-IR (cm-1) (ranked intensity): 811 (10), 987 (15), 1028 (9), 1057 (8), 1192 (4), 1273
(7), 1295 (11), 1371 (5), 1408 (6), 1455 (3), 1620 (16) (C=C), 1662 (2) (CO), 1725 (1)
(CO), 2906 (12), 2937 (14), 2958 (13).
EI-MS (m/z, %): M+ (372, 100%).
HRMS (EI) for C20H25CoO3 (found/calculated): (272.112/372.114).
EA (found/calculated): C (64.41/64.51), H (6.81/6.77).

6.5.2.2. Polymer Synthesis
Attempted polymerization of compounds 6.6 and 6.7: Compound 6.6 when heated at
60 °C in C6D6 in a J-Young tube with AIBN (1 to 10 mol%) showed only decomposition
and no polymerization. Compound 6.7 under similar conditions showed no reaction at all.
Polymerization of 6.10: The reactions were performed in C6D6 in a J-Young tube and
the progress of the reaction was monitored by 1H NMR spectroscopy.
Synthesis of Polymer 6.11A: Compound 6.10 (0.254 g, 0.400 mmol; C6D6, 0.6 mL),
CuBr (0.006 g, 0.042 mmol, 10.5 mol%), pmdeta (7.10 µL, 0.034 mmol, 8.5 mol%) and
EBiB (4.95 µL, 0.034 mmol, 8.5 mol%) (very sluggish reaction was observed when less
initiator was used) were added to a J-Young tube in the glove box and heated at 80 °C in
an oil bath for 2 d. No further change was observed in 1H NMR on heating for more time
and the proton NMR revealed a 70% conversion to the polymer. It should be noted that
no reaction was observed with lower (2 mol%) catalyst loading. The reaction mixture was
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then filtered through a short pipette column of neutral alumina and the solvent removed
in vacuo. The crude polymer was dissolved in DCM and precipitated into rapidly stirring
n-pentane. The precipitation was repeated to obtain yellow solids, which were dried in
vacuo for 24 h. Yield 0.15 g, 60%. Mn = 3600 g/mol, PDI = 1.1.
General synthesis of Polymers 6.11B and 6.11C: Compound 6.10 and AIBN were
added to a J-Young tube in the glove box and heated at 60 °C in an oil bath for 2.5 d. No
further change was observed in 1H NMR on heating for more time and the proton NMR
revealed a 90% conversion to the polymer. The reaction mixture was then quenched with
MeOH resulting in precipitation of the polymer. The supernatant was removed (contained
unreacted monomer), the precipitate dissolved in DCM (2 mL) and precipitated into
rapidly stirring n-pentane (20 mL). The precipitation was repeated to obtain yellow
solids, which were dried in vacuo for 24 h.
Polymer 6.11B: Compound 6.10 (0.102 g, 0.16 mmol; C6D6, 0.6 mL) and AIBN (0.027
mg, 0.16 x 10-3 mmol, 0.1 mol%) were used. Yield 0.082 g, 70%. Mn = 30500 g/mol, PDI
= 2.1.
Polymer 6.11C: Compound 6.10 (0.100 g, 0.16 mmol; C6D6, 0.6 mL) and AIBN (0.27
mg, 0.16 x 10-2 mmol, 1.0 mol%) were used. Yield 0.080 g, 70%. Mn = 26100 g/mol, PDI
= 1.9.
1

H NMR (CDCl3, ! (ppm)): 3.59 (b, 2H, CH2), 3.98 (b, 2H, CH2), 4.71 (b, 2H, C5H4),

5.15 (b, 2H, C5H4), 7.19 (b, 12H, CH(Ph), 7.40 (m, 8H, CH(Ph)), other 3 protons are
broadened out from 1.5 to 2.5 ppm.
13

C{1H} NMR (CDCl3, ! (ppm)): 42.0, 60.7, 61.5, 61.8, 62.2 (CH2 and CH), 76.6 (Cb),

84.8 (Cp ), 86.3 (Cpipso), 86.6 (Cp ), 127.0 (Ph), 128.2 (Ph), 129.0 (Ph), 135.2 (Ph), 165.7
#

!

(CO).
FT-IR (cm-1) (ranked intensity): 546 (15), 565 (6), 589 (10), 696 (4), 744 (7), 821 (13),
1026 (9), 1067 (14), 1137 (2), 1279 (3), 1367 (12), 1464 (8), 1499 (5), 1579 (11), 1717
(1).
Synthesis of Polymer 6.23: Compound 6.22 (0.20 g, 0.53 mmol; C6D6, 0.6 mL) and
AIBN (7.80 mg, 4.75 x 10-2 mmol, 9.0 mol%) were used at 60 °C for 3 d. The reaction
mixture was then quenched with MeOH and the solvent removed in vacuo. The residue
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was redissolved in DCM-Et2O (0.5 mL: 2 mL) and precipitated into rapidly stirring npentane (20 mL). The precipitation was repeated to obtain yellow solids, which were
dried in vacuo for 24 h. Yield 0.10 g, 50%. Mn = 10600 g/mol, PDI = 1.3.
1

H NMR (CDCl3, ! (ppm)): 1.44 (b, 12H, CH3(Cb*)), 1.98 (b, 2H, CH2), 2.69 (CH2),

4.09 (b, CH2), 4.74 (b, 2H, C5H4), 5.10 (b, 2H, C5H4), other 3 protons are broadened out
from 1.5 to 2.5 ppm.
13

C{1H} NMR (CDCl3, ! (ppm)): 10.4 (CH3(Cb*)), 23.6 (CH2), 35.5 (CH2CO), 41.5, 42.0

(CH2 and CH), 64.6 (CH2OCO), 80.7 (Cp ), 85.1 (Cp ), 92.7 (Cpipso), 198.0 (CO), Cb* not
#

!

observed.
FT-IR (cm-1) (ranked intensity): 611 (12), 647 (14), 813 (10), 880 (11), 1027 (6), 1058
(8), 1164 (5), 1261 (7), 1371 (4), 1455 (3), 1661 (1), 1734 (2), 2906 (9), 3100 (13), 3443
(15).
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Chapter 7
Conclusions and Future Directions
7.1. Conclusions
A study of the synthesis and reactivity of substituted CpCoCb compounds for
generating metallopolymers has been presented in this thesis. Sila and germa
[2]cobaltoarenophanes have been prepared via. dilithiation of the parent mixed sandwich
complex CpCoCb*. The [2]cobaltoarenophanes were found to exhibit some degree of ring
strain, but was insufficient for ring opening polymerization to occur.1
In order to avoid the dilithiation route, an alternative pathway for the synthesis of
more strained [1]cobaltoarenophanes was proposed. Alkyne dimerization of a pendent
alkyne at the CpCo(I) centre with subsequent addition of another alkyne was investigated
as a potential route to [1]cobaltoarenophanes. Synthesis of alkyne appended Cp ligands
was undertaken for this purpose with heavier Group 14 bridging elements (E = Si, Ge and
Sn). It was found that cleavage of the weak Cpipso-Ge and Cpipso-Sn bonds was a problem
in the synthesis of half sandwich CpCo(I) complexes featuring a pendent alkyne. From
the studies on the synthesis of half sandwich CpCo(I) and CpNi(II) complexes with the
pendent alkyne ligands, it was observed that the alkyne moiety did not coordinate to the
metal centre in either case. This leads to the conclusion that a single atom bridge between
the Cp and alkyne moieties might not be sufficient for chelation to the metal centre, given
the absence of any such compounds for late transition metals.
Bis-alkynyl metallocenes of Ti, Fe and Co were prepared from the Cp ligands
featuring the pendent alkyne and their reactivity towards metallacyclingpolymerization
(MCP) was explored. The Co and Fe metallocenes were found to undergo intra-molecular
cyclization as opposed to inter-molecular cyclization, leading to the formation of
[4]metallocenophanes.2
Finally, the Cp ring of the CpCo(C4R4) (R = Me, Ph) was functionalized with
polymerizable vinyl groups such as methacrylate and acrylate. The acrylate
functionalized compounds were successfully polymerized using a free radical approach.3
This led to the formation of novel side-chain cobalt(I) polymers featuring CpCo(C4R4)
units.
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7.2. Future Research Objectives
Theoretical investigations could provide more insight into the reactivity of
[2]cobaltoarenphanes and help assist in finding a system, which would be susceptible to
ring opening polymerization.
The project that can really be expanded is the side-chain polymer system with
CpCoC4R4 units. The scope is unlimited in this area with several directions to pursue.
Firstly, the substituents on the cyclobutadiene rings can be varied in order to fine-tune the
properties of the resulting polymer.4-16 Incorporation of ferrocene substituents on the Cb
ring would result in highly metallized polymers incorporating both Co and Fe (Scheme
7.1). Well-defined polymer systems containing more than one metal atoms are in great
demand due to their potential in the synthesis of magnetic metal alloy nanoparticles by
pyrolysis of the polymer backbone.17-21 The number of ferrocene units around the Cb ring
could potentially be controlled depending on the alkynes used and sequential addition of
two different alkynes (Scheme 7.1).
O
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R
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Scheme 7.1. Proposed scheme for the synthesis of ferrocene substituted side-chain
CpCo(C4R4) polymers.
Secondly,

polymerizable groups other

than

methacrylate and

acrylate

functionalities (such as styrene) could be incorporated on the Cp ring.
Thirdly, by figuring out ideal conditions for ATRP or living anionic
polymerization for the substituted CpCoC4R4 monomers, well defined block polymers
can be generated, which would be significant for the development of functional
materials.22
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Based

on

the

synthesis

of

poly(ferrocenylsilane-block-methacrylate)

diblock

copolymers,23-25 the monomers 6.10 and 6.22 could be used to generate PFS containing
block copolymers (Scheme 7.2). This would employ an end functionalized PFS block,
which acts as a macro-initiator for the ATRP of the arylate functionalized CpCoC4Ph4
block.26,27 These would be the first example of polymers incorporating two different
metallocenes, one in the main-chain and the other in the side-chain.
There is also potential to generate block copolymers with other organic polymer
blocks.28
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Scheme 7.2. Proposed scheme for the synthesis of PFS-Poly6.10 block copolymer.
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APPENDIX 1
Cyclic Voltammograms of Representative Monomers and Polymers

A

B

C

D

Figure A.1. Cyclic voltamograms of (A) Ph Monomer (6.10), (B) Polymer 6.11A, (C)
Me Monomer (6.22) and (D) Me Polymer (6.23).
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